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Abstract

Two approaches are developed to analyze the dynamic behavior of flexible multibody
systems. In the first approach each body is modeled with a modal methodology in
a local non-inertial frame of reference, whereas in the second approach, each body is
modeled with a finite element methodology in the inertial frame. In both cases, the
interaction among the various elastic bodies is represented by constraint equations. The
two approaches have been compared for accuracy and efficiency: the first approach is
preferable when the nonlinearities are not too strong but it becomes cumbersome and
expensive to use when many modes must be used. The second approach is more general
and easier to implement but could result in high computation cost for large system.
The constraints should be enforced in a time derivative fashion for better accuracy and

stability.






Chapter 1

Introduction.

A comprehensive analysis methodology for dynamic systems involving several elastic
bodies must include a scheme to efficiently deal with the interaction between the various
elastic components. For instance, in a conventional helicopter, the elastic rotor or rotors
interact with the elastic fuselage, whereas in a tilt rotor configuration, the elastic rotors
interact with the flexible wings and fuselage. The impact of this interaction is important to
an accurate prediction of rotor loads, and essential when attempting to predict instabilities
such as ground or air resonances since rigidly mounted rotors do not exhibit such
instabilities. It is convenient to think of the helicopter as a multibody elastic system,
i.e. a collection of elastic bodies mutually interacting at “hinges”.

A fundamental difficulty in the analysis of a multibody system is the evaluation of its
total kinetic energy, as it involves the calculation of the inertial velocity of each material
point of the system. If the position of all material points is measured in a given inertial
system, this task is trivial, however, it is often convenient to use a local coordinate system
to represent the initial geometry and deformation of each elastic body. The velocity of
a material point relative to this local frame is easily to obtain within the frame work of
a finite element discretization or modal representation, however, the inertial velocity of
this material point also involves the motion of the local frame with respect to an inertial
frame of reference. This additional motion can be taken into account through various
schemes, for instance hierarchical representations, or multibody schemes.

A hierarchical representation involves a hierarchy of reference frames starting with
an inertial frame. The motion of each frame is described with respect to the frame that is
immediately superior in the hierarchy. For a helicopter, a typical hierarchy could be as
follows: inertial frame — to — airframe system — to — blade system — to — deformed
blade system. Each level of the hierarchy involves a rotation matrix which gives the
instantaneous position of a frame with respect to that immediately superior. Each rotation
matrix is quadratic in terms of the Euler Parameters (other finite rotations parameters
could be used but the rotation matrix will remain at least quadratic). Since our typical
hierarchy involves four levels, the position and inertial velocity vectors of a material
particle will involve nonlinear terms up to the 9th order, resulting in a kinetic energy
expression with nonlinear terms up to the 18th order. Of course, some simplification could
be introduced: for instance in level flight, the inertial — to — airframe transformation
becomes a constant, or, if the elastic deformations of the blade are linearized, the blade
— 10 — deformed blade transformation becomes linear. However, a general analysis
methodology should be able to deal with large rotations at all levels.

This simple example points out the two major difficulties associated with hierarchical
models: first, these models are difficult to handle and require advanced data base concepts
for practical implementation, and second, very high order nonlinear terms appear in
the analysis resulting in a very large number of coefficients. In a modal analysis, the
number of coefficients is N, where N is the number of modes, and n the power of the



nonlinearities. For a 12 mode model involving 18th order nonlinearities 2.66 101? terms
will be generated, requiring 2.03 104 Mbytes of storage on a computer. Of course the
number of operations involved in manipulating the model grown accordingly. It is clear
that such model are beyond the reach of even the most powerful computers, and would
require exorbitant amounts of computation.

Two alternative approaches will be pursued in this work that avoid hierarchical
representations. In both approaches, the dynamic system is modeled as a collection of
flexible bodies ( airframe, wings, blades, etc...) that are connected together at a number
of points where kinematic constraints are enforced. Typical kinematic constraints are
spherical, universal and convolute joints, or rigid links. In the first approach each elastic
body is described in a local coordinate system which motion is directly related to an
inertial frame through three rigid body translations and three rigid body rotations. Hence,
the inertial position vector of any material particle in that elastic body involves a single
rotation matrix only, allowing an easy evaluation of all inertia terms.

Since a local coordinate system is used, the elastic deformations of the body can
be represented in a modal fashion, more specifically a finite element based modal
analysis technique will be used which yields a Lagrangian expression involving quartic
nonlinearities only.

In the second approach, all elastic bodies are described directly in a single inertial
system. This is by far the simplest formulation, however, it rules out the use of a modal
representation, and requires a parametrization of the finite rotation variables that allows
arbitrarily large rotations ( in this work the Milenkovic parameters are used.)

Chapter 2 presents a review of the beam model which will be used throughout this
work. The next two chapters deals with the modeling of a single elastic body: Chapter 3
presents the modal reduction scheme for the finite element model, and chapter 4 compares
the predictions of modal models with that of full finite element models. The kinematic
constraints to be applied between elastic bodies is the focus of chapter 5. Chapter 6 briefly
describes the full finite element modeling. Finally conclusions and recommendations are
presented in chapter 7.



Chapter2
Finite Element Modeling of Rotor Blades

Section 2.1: Introduction

The kinematics involved in the nonlinear static and dynamic analysis of naturally
curved and twisted blades are complex since both the deformed and undeformed config-
urations of a blade are three dimensional. Moreover, laminated composite materials are
increasingly used for the construction of such structures, causing several non-classical
effects of beam theory to become more pronounced [2-1,2].

In many applications, large displacements and rotations of the blade will occur;
however, the strain level remains low. Fatigue life is indeed a major concern; hence, the
operating strain level must remain well within the linear-elastic range of the material. As
a result, most analyses [2-3,8] are based on a small strain assumption that considerably
simplifies the formulation and resulting equations.

The small strain assumption has important implications. First, the Green-Lagrange
strain components often used in the derivation of nonlinear kinematics [2-4,5] can
be equated to the engineering strain components, and hence the usual stress-strain
relationships of the material can be used. Second, the changes in surface area of
a differental volume element due to deformation are neglible. Finally, the strain-
displacement equations can be considerably simplified, since all second order terms (i.e.,
strain square terms) can be neglected.

In this chapter, consistent strain-displacement expressions are derived which provide
the basis of the finite element approximation of the non-linear behavior of naturally
curved and twisted blades undergoing arbitrarily large deflections and rotations.

Section 2.2: Geometry and Kinematics of Blade Elements

Consider a naturally curved and twisted beam depicted in Fig. 2.1.1 The triad ¢1, 72, 13
is fixed in space and the triad €], €3, €3 is attached to a reference line along the axis of
the beam. €) is chosen tangent to the reference line and &, €; define the plane of the
cross-section. The curvilinear coordinates along this triad are z,, 74, z3 respectively.

The position vector of a particle of the beam in the undeformed configuration is:
r = 7 (z1,22,23) 2.2.1)
After deformation the same particle has a position vector:

R = R (z1,z3,73) (222)
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Figure 2.1.1. Geometry of the Beam Before and After Deformation



The corresponding vectors at the reference line are:

ro = 7‘3 (.’121,0,0)

- - 223
Ry = Rg (21,0,0) @23

and the displacement vector of the reference line is given by:
Z=FR -1 (2.2.4)

The base vector [2-9,10] in the undeformed and deformed positions respectively are
defined as:

G =r; and Gi = R; (2.2.5)

where the notation (.); means derivative with respect to z;. At the reference line the
base vectors are:

& = rgy and E; = Ry; (2.2.6)

€; forms a triad since the derivatives in (2.2.6) are taken with respect to the natural
coordinates of the beam. The triad €; can be viewed as a rotation of the basic reference
triad 7; through a given rotation matrix tT (z;) such that :

e

€] )
2| =17 (z1) |13 (2.2.7)
€3 23

The derivatives of this triad are readily calculated as :

e'i’ 0 k‘3 —kz e'i
&'l =|-ks O k1 € (2.2.8)
— 1 =3
€3 ks =k o €3

where the notation ()' means derivative with respect to z;; k; is the natural twist (or
pre-twist), k2 and k; are the natural curvatures (or pre-bends) of the beam. The position
vector 7 of an arbitrary point of the beam can now be written as:

-

T = 7y + To€2 + T3€3 (2.2.9)

hence the base vectors become:
gi = 9€1 — z3kiéz + 12k163
g2 = €3 (2.2.10)
g3 = €3

where

V3 =1 = z2ks + z3ko (2.2.11)

The metric tensor is obtained as g;; = §; - §; and its determinant is g.
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The fundamental assumption in beam theory is that the cross-section does not deform
in its own plane. This means that the base vector E‘2 and E;; which are in the plane of the
cross-section after deformation simply correspond to a translation and rotation of the base
vector €z and €3 of the original configuration. Note that arbitrarily large displacements
and rotations can occur but no deformation of the cross-section is allowed i.e. E2 and
E; are mutually orthogonal umt vectors. In contrast, £, is no longer a unit vector nor
is it orthogonal to E2 and E3, as axial and shearing strains are allowed. Now a new
orthogonal triad €} is defined as follows:

¢

e; = Eg
e; = Ej (2.2.12)
e] = €5 X e3

The vector E"l can be resolved in this triad as:

E) = (1+é&n)el + 2e12eh + 26363 (2.2.13)

At this point, €17, €13, €3 are the unknowns, and they will be identified later as
strain quantities. Here again the triad €! can be related to the basic reference triad 7
through an unknown rotation matrix 7 (:z:l) such that:

631 1]
eh | =T (z1) | i3 (2.2.14)
6*3 ia
The derivatives of this triad are:

-1 - -

e;, - ej 0 K; —-K, ej

e |=K|gl=|-K 0 K ||e (2.2.15)

6-?;" 3 K, -K; 0 €3

where K is the twist, K, and K3 are the curvatures of the deformed beam. Since the
cross-section does not deform in its own plane, the position vector R in the deformed
configuration can be written as:

R = Ro+ 22E3 + 23E3 + 6(21) 91 (22, 3) 1 (2.2.16)

The first three terms represent large translations and rotations of the cross-section and
can be geometrically interpreted as plane sections remaining plane, but not necessarily
normal to deformed axis of the beam(i.e. a Timoshenko Beam Theory). The last term
represents a small displacement in the direction of €3, that is out of plane warping of
the cross-section chosen as the torsion related warping displacement ;. This warping
displacement is selected as the Saint-Venant torsional warping functions[2-1]. § (z1) is
an unknown function characterizing the magnitude of the torsional warping. Combining
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(2.2.5), (2.2.6), (2.2.13) and (2.2.15), the base vectors of the deformed configuration
become:

Gi = [(1 +&n) — z2K3 + 23Ky + 8'¢1] €] + 2612 — z3K1] &
+ [2€13 + z2K1] €3

Ga = 61,28} + &}

Gi = 61,38} + &3

(2.2.17)

In (2.2.17), all higher terms containing warping quantities have been neglected.

Section 2.3: Strain Analysis

The Green-Lagrange strains f;; in the curvilinear coordinate system [2-9,10] are
given as f;; = %(G,-j — gij) where G;; = Gi - @j is the metric tensor in the deformed
configuration. It is straightforward to verify that foo = f33 = fa3 = 0 as a direct
implication of the indeformability of the cross-section in its own plane. The other strain
compoments are the two transverse shearing strains f12 and f13 , and the axial strain fi;.
To relate these strains to the strains in the local rectangular coordinate system defined
on the beam axis, the following transformation is needed. Define a local rectangular
cartesian coordinate system y; along €;, then the relation of this rectangular system with
the material coordinate system z; is governed by:

Oy ve 00
Vo | zk 10 3.1)
T xgkl 01

Now, the strains e;; defined in the local rectangular coordinate system €; are obtained as:

_ 6xk6x,

o= 2kl (23.2)
i 3yiBy; fu

Then, the non-vanishing strain components become:

Vaerz = fiz
Ve = fiz , (2.3.3)
Ve = fu + 2z3k1fiz — 22k f1s

The initial curvatures of the beam k, and k3 are now assumed to be small, i.e. from
(2.2.11):

Vo =1 (2.34)
In the case of helicopter blade,
ook — chordof the blade ~ 0
2" = radius of the edgewise curvature
thickness of the blade

3%2 = Tadius of the flapwise curvature
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Note that /g = 1 for a straight blade. Hence, this assumption is realistic for most of
the practical applications.
The strain components now become:

2e12 = 2€12 — T3K1 + 812 (2.3.5)

2e13 = 2€12 + T2K1 + b1 3 (2.3.6)

1 _ -
e11 =€ + 55%1 —z2(1+en)rs +z3(l+ &) ke + &1 + 6ky (z3p1,2 — 72001 3)

+ % (2812 — z3k1)° + %(2513 + z251) + % (z2k3 — z3K2)°
2.3.7)

where «; = K; — k;
To complete the formulation, the coefficients 17, €7z, €73 in (2.2.13) must now be
related to the displacements and rotations. Differentiating (2.2.4) with respect to z; and

using (2.2.6), we obtain:

—

Ei =6 + %@ (2.3.8)

or ,
E = (¥ +t1) 11 + (uh+ 1) 12 + (uh +ta1) 13 (2.3.9)

where u; are the components of the displacement vector in the basic reference triad 7;,
and t;; the components of the rotation matrix ¢. On the other hand, combining (2.2.13)
and (2.2.14) yields another relation for E; that can be identified with (2.3.9) to obtain

l+en u; +tn
2, | =TT up + 121 (2.3.10)
2ey3 ug + t3;

This completes the strain analysis. It is important to note that this development is valid
for arbitrarily large displacements, rotations and strains. The unknowns of the problem
are the three displacements u;, the rotation parameters implicitly defined in the rotation
matrix 7T, and torsional warping amplitude.

In the derivation of strain expressions in (2.3.5-7), no assumptions were made about
the magnitudes of the displacements, rotations or strains; hence, these expressions are
valid for beams with small initial curvatures undergoing arbitrarily large displacements,
rotations and strains. On the other hand, later in the derivation of the total potential
energy expression in (2.4.17), strain components will be assumed small enough to render
negligible changes in area due to deformation, and to equate the Green-Lagrange strains
to engineering strains. This requires both axial and shearing strains to be much smaller
than unity, ie. e<< 1, and v << 1. However, nothing is assumed about the relative



magnitude of ¢ versus «. For consistency, the same assumptions must now be introduced
to the strain-displacement equations (2.3.5-7) to obtain:

€11 =€11 — T3K3 + T3K2 + 81 + 8Ky (z3001,2 — T2p1,3)

1 1, _ (2.3.11)
+3 (2812 — z351)° + > (2613 + z2K,)°

112 = 2812 — T3k1 + dep1,2 (2.3.12)

713 = 2€13 + z2k1 + 61,3 (2.3.13)

The last term appearing in (2.3.7) is negligible since it represents the square of the axial
components due to bending.

If we now introduce the additional assumption that axial and shearing strains are
of the same order of magnitude, then 4% << ¢, and the two last terms in (2.3.11) can
be neglected, since they are squares of the shearing strain components in (2.3.12) and
(2.3.13), respectively; this yields:

€11 = &11 — T2K3 + 2362 + 8 o1 + 6k1 (T35012 — T2001,3)
T2 = 2812 — T3K1 + 612 (2.3.14)
T3 = 2&13 + zT2K1 + b3
These expressions are often successfully used as the basis for beam models involving
large displacements and rotations, but small strains [2—4 to 8, 2-11,12]. However, it is

interesting to note that one additional assumption was required (v? << ¢), that might not
be adequate when dealing with highly anisotropic composite materials [2—12].

Section 2.4: Blade Strain Energy Expression (Hellinger-Reissner Formulation)

The strain energy expression for a thin walled beam is:

L

//:EAadsdxl 2.4.1)
r

0

U=

[ 2 ]

where ¢ = (¢g,7); A is the stiffness matrix; L the length of the blade; I' the contour of the
thin-walled section, described by a curvilinear variable s (see Figure 2.4.1). Consistent
with the assumption of a cross section that does not deform in its own plane, the only
non-vanishing strain components are the axial strain ¢ and the shearing strain 4. Clearly,

e=¢n and v = zfvi2 + =i (2.4.2)

where ()* denotes a derivative with respective to s. A set of strains e = g is now
introduced into (2.4.1) to yied:

L
U=//[%£AT§—£(Q—§) ds dz, (2.43)
0T
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where the condition ¢ = ¢ was enforced by means of a set of Lagrange Multipliers n.
Variation over g yields o = A ¢ which yields the physical meaning of n as the internal
stress flows n = (n,¢) , where n is the axial stress flow and q the shear stress flow.
Finally the strains ¢ are eliminated from (2.4.3) using ¢ = A~ 11 to find:

L
U://[n_Tg—%n_TA—lﬂ ds dz, (2.4.4)
or

Introducing (2.3.14) into (2.4.2) yields

€ =&y — TaKk3 + T3k + 918 — kiret

_ (24.5)
v =z2815 + 22813+ rer + 076

where r = 2327 — z3z7 is the distance from the origin to the tangent to the contour T
(see Figure 2.4.1); T = 2312 + 23013 and 23912 — 22013 = —ro7

Figure 2.4.1 Geometry of the Thin-walled Cross-section

Note that equation (2.4.5) imply the small strain assumption and can be written as:

£
0%

- + -
[1 0 0 kirol 0 z3 Ty Y1 E 2.4.6)

Ozg' zé" goi*' r 0 0 0

where T
L = (ely €2,¢€3, €4, K1, K2,K3, K4)

and 24.7)
er = €1, €2 = 2812,€e3 = 2813, ¢4 = 6, k4 = &
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Introducing these equations into (2.4.4) and integrating over the cross-section yields:
L
U= /[elFl + esFy + esF3 + e4Fy + kiMy + koMo + k3M3 + R4M4]d.’l:1

0
I 1 (2.4.8)
—//5 [ﬁA‘lﬂ] ds dz;
0T

where
= /nds, Fg:/mi_fqu, 3= /m}'qu ,

r T T

Fy= / o1 (g —kirn)ds, My = / rqds , (2.4.9)
r r

M, =/x3nds, M; = —/:cgnd.é, M, = /cplnds
T r T

F, is the axial force, M, is the torque, F, and F; are the shear forces, M; and M3 are
the bending moments, and finally F4 and My are the force and moment, respectively,
associated with the torsional warping induced stresses.

With Reissner’s Principle independent assumptions can be made on displacements and
stresses. By analogy to the strain field the stress field is assumed in the following form

n Ann Anq 1 0 0 —kl T‘¢i+ 0 I3 -T2 ¥
T Ang Ayl |0 ©F of + 0o o o]|%
q ng q9 P2 ¥3 ¥ r (24 10)
— [ Ann Anq ] B X
A"q Aqq o

where XT = (X1, X3, X3,X4,Y1,Y2,Y3,Yy) is a vector of unknown stress parameters,
w2 and o3 the transverse shearing related Saint-Venant warping functions[2-1]. Intro-
ducing (2.4.10) into (2.4.9) and integrating over the cross section yields

F=4X (24.11)

where FT = (F1, Fy, F3,Fy, My, M3, M3, M,) and A is a matrix of cross-sectional
coefficients. Finally the stress assumptions (2.4.10) are introduced into (2.4.8) to find:

L
U= /[(elFl + e2Fy + e3F3 + eq Fy + ki My + koMo + k3 M3 + k4 My)
0

(24.12)
- % FLHF)]dz
where the compliance matrix is H given by
H=ATDA (2.4.13)
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where

A A
D = [ BT |%" "9] Bd 2.4.14
/ [ Ang  Agq ° ( )
r
Finally, (2.4.12) can be written as:
; 1
U= / (_QT_E-ELZHE) dz) (2.4.15)
0
where ¢ = (e1,€2,€3,€4,K1,K2,K3,k4) are the sectional strains, FZ =
(F1, F2, F3, Fy, My, M3, M3, My, F5) are internal forces, and the strain-displacement re-
lationships are:
1+ e ti +uj
e2 | = TF |ty +u) (2.4.16)
€3 t31 + ug
ql
K1 Ky -k K, 0
k2| = |Ka—kp|, | K| =2G | @
K3 (3 — k3 K3 %

2
This nonlinear strain energy expression depends on the displacements and forces:

It can be expanded using a linearization procedure about a reference configuration, to
yield:

U=/L{U°+[A£,AF_TJ [Z“J
0

f (2.4.17)
+% [A_T,ALTJ [U"" gf;] [ﬁﬂ + h.oit)
where - _
U, = ‘;—Z ; Uy = ‘—;% (2.4.18)
o *T T i
Unw=3.327 Ui =3.9F5 Ut 3EOF (2.4.19)
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Section 2.5: Blade Kinetic Energy Expression (Hellinger-Reissner Formulation)

True Position

——

2
- v

s

N\ ‘

’Fictitious’ NFo =~ 2
0 \IRX J R
Position
Inertial Frame
I Figure 2.5.1 : Geometry of the Free Beam

Let I; be an inertial reference frame. Consider now an unstrained structure in space
with a triad 7; attached at a material point O. To locate the structure, it is convenient to
separate its displacement field into rigid body displacements and elastic displacements.
The rigid body motions define the position of a fictitious, rigid structure, and the elastic
motions are superimposed to yield the true position of the structure. The rigid body
displacement field involves three translations and three rigid body rotations. The rigid
body translations are chosen as the translations of a material point O with an unknown
position vector ﬁ(t). The rigid body rotations consist of two parts: first, an unknown
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rigid body rotation characterized by a rotation matrix 7, (¢), then a known rigid body
rotation with constant angular velocity charaterized by a rotation matrix T () such that:

2|=TF®) | L|; |H|=TT®]|7% (25.1)
73 I3 13 J3
which yields:
7 i
| =TT 1) | § (25.2)
13 I3

The elastic displacement field involves elastic displacements @ (), ¢) of the reference
line defined in (2.2.4) and elastic rotations as defined in (2.2.14).

The sum of rigid and elastic displacement fields brings the structure to its actual
position. The fictitious, rigid structure is used as a reference configuration for the
described of the elastic strain field, in a manner identical to that described in section 2.2.
This involves a set of material coordinates 1, z,, z3, the base vectors of the reference
line in the undeformed configuration &), &, &3, and the base vectors of the reference
line in the deformed configuration €}, €3}, €}.

The position vector of a material point is:

R=P 47+ 0+ 1,6" + 258 (2.5.3)

The instantaneous position of a material point on the blade is given by (2.2.16) where
torsional warping related out-of-plane displacements were included, however the inertia
forces associated with this out-of-plane motion are very small and will be neglected here,
resulting in the simplified expression (2.5.3). It is clear that rigid body motions do not
generate any strain field, hence the strain displacement equations (2.3.14), and the strain
energy expression (2.4.12) remain unaffected. However, the kinetic energy expression is
of course affected by the presence of time dependent, rigid body motions.

The time derivative, noted (), of (2.5.2) yields:

> - -

11 . T . oT 11 (3
Ll = (T,OTT, T,T0 + T, T,“) 0| = (L:,Z" +a;9T) 7 (2.5.4)
13 z‘37 i3

The time derivative of (2.2.14) yields:

& &

1 . 1
& | = (77T + TT0YT, + 17 T.) | &
% e 3
€3 €3

(25.5)

BYIRY V!
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The following skew symmetric angular velocity matrices have been defined: &, and &9,
the unknown and constant rigid angular velocities, respectively, resolved in the 7; system;
&F, @ and @ the unknown, constant, and elastic angular velocities, respectively,
resolved in the €} system. The components of the corrcspondmg angular ve10c1ty vectors
can also be deﬁncd wy = (w,l,wrg,w,g) w? (w,l, wly,wh); wi = (Wi, why, wis)s

= (W', w%,w%) , and finally wi = (wh,wh,why). Itis clear that:

wr =T w, and wi=TIw) (2.5.6)

The position vector (2.5.3) can be resolved as follows:

P1

-

o - o +uy 0
Rz[Il I2 I3] +[21 19 7,3] Yo + U2 +[é‘f 6-; é"o;] ) (257)

zZo0 +u3 T3

P3

where PT = (Py, P;, P;) are the components of the vector P in the inertial system.
The inertial velocity of a material particle is found by combining (2.5.7) with (2.5.4)
and (2.5.5), to find:

L, - o~ s ]:31 To + Uy u1
R=[d 1 )17 Pyl + (@ +@)) |yo+us | + |2
b .
3 20 + u3 ug 2.5.8)

0
+aY & &)@ +@ +&7) [zz}
I3

The following notations are introduced. First, the rigid translational velocities are
defined as:

Vr1 Pl
o= v | =TT B | + XTw, (2.5.9)
Us3 P3
Ve1 u)
v, = [M} = [az + X7 (2.5.10)
Ve3 u3
where
) 0 —(20+u3) (yo+u2)
X = (Zo +U3) 0 —(:C() +u1) (2.5.11)
—(yo+uz) (zo+w) 0

The total translational velocity is now defined in the 7; system as:

Ut = Uy + Ve 2.5.12)
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and in the €} as:
v =T v (2.5.13)
Finally, the total angular velocity vector in the € sytem is:

wi = wy +wp’ +wg (2.5.14)
For (2.5.9) to (2.5.12), the inertial velocity of a material point (2.5.8) becomes:

. v — Tawiy + T3wp,
R=[é" & '] v, — T3w} (2.5.15)
V3 T Tawy

The kinetic energy of the system is:

L
T = % / / pR - Rdsdz, (2.5.16)
0T
Introducing (2.5.12) and integrating over the cross section yields:
L
1 =T *
T= 3 Vi" MV/ dz, (2.5.17)

0

where the array of total velocities V' is defined as:
VQ‘T = (71, V425 Vg3, Wi Wia, Wis) (2.5.18)

and the mass matrix M is given by:

( m 0 0 0 m3 —m3 ]
0 m 0 -mg3 0 0
_ 0 0 m  my 0 0
M= 0 —ms my my 0 0 (2.5.19)
m3 0 0 0 m33 —mg23
| —mny 0 0 0 —mg3 ™Mo |
where the mass per unit span is:
m = / pds (2.5.20)
2 .
the inbalance per unit span is:
m; = /px.—ds 1 =2,3 (2.5.20a)

r
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the moment of inertia per unit span is:

mij = /pz,'xjds 1,7 =2,3 (2.5.20b)
r
and
mi1 = m2z + mM33 (2.5.20¢c)

For future reference, it is convenient to write:

Y_t: = AE+_T£ (2.5.21)
where the matrix A is defined as;
1T T1ITXT
A= 0 TeT (2.5.22)
the rigid velocities are:
TTTT P Tr"T 0o ||TFE
V= w 0 T,“T 2G Q (2.5.23)
and the elastic velocities are;
T(+ , vT, 0
yr = | e {rﬂJ’X «f) (2.5.24)
=7 et

A set of velocities U = V;* is now introduced into the kinetic energy expression
(5.2.14) to yield
i 1
T = Z
[l
0

where the condition U — V;* = 0 was enforced by means of a set Lagrange multipliers
p*. Variation over U yields p' = M U which yields the physical meaning of p* as the
momenta components, measured in the ¢} system. Finally, the velocities U are eliminated
from (2.5.18) using U = M~!p*, to find:

T(u- V_,)} de, (2.5.25)

L
T = / (;L* A -% p'T M™! ﬁ) dz, (2.5.26)
0

this expression of the kinetic energy is a nonlinear function of the six rigid body velocities
Vi = (vr1,vr2,Vr3,wr1,wy2, wr3), the elastic displacements y and their time derivatives
u, and the compontents p* i.e.:

T=T(;y1p") (2.5.27)

2 -15



The kinetic energy will be used in two way. First, a finite element implementation
of the problem to yield steady equilibrium position of the structure under applied loads
and normal vibration modes. Second a modal approximation to obtain modal equations
of motion. In the finite element implementation which focuses on natural vibration mode
calculations, constant, rigid angular velocities are the only allowed type of rigid body
motion. On the other hand, in the modal approximation the 6 rigid body motions are
unknowns of the problem and describe the rigid body response of the system to the
applied load. For constant rigid angular velocities we have

T =T (uu,p") (2.5.28)

this nonlinear expression can be expanded using a linearization procedure. This expansion
is performed about a steady configuration noted x’, p*°, and the rigid angular velocities
are w?;,wl,wl, to find:

L I
T=/{T°+[Ag An Ap*) | Ty
0 ﬂ (2.5.29)
1 Tow Tui Tup Au
+§[Ay A Ap*] | Ty Tii Tip Au +H.O.T.}dx1
T, Tip Ty AP
where
oT oT oT
L=gpi L=z L= (2.5.30)
and
_82T _ T'—62T ] T 0T
_ﬁ-aﬂau 1 ﬂ_auaﬂ ’ ﬂ—aua!: 2.531)
o 0T _ T. — o*T . T 02T o
W= yudy =+ 0uopt ' BT 9pap

All these arrays are evaluated in the reference configuration.

Section 2.6: Normality Condition for Euler Parameters

In the two previous sections finite rotations were used, and to keep the formulation
general, the rotation matrix T, only appears in the equations. However, for a practical
implementation, a specific set of rotation parameters must be selected. In this work
the Euler Parameters (see appendixA) are used that are related through the normality
condition. This normality conditon could be enforced using a penalty method, i.e. adding
the following term to strain energy

L
C= /%ae%dwl (2.6.1)
0
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where a is a large penalty coefficient, and
eo=qf+qi +93+4¢f -1 (26.2)

is the normality condition and ¢; the Euler Parameters. Following the Hellinger-Reissner
approach used in the previous sections, a variable e = egis introduced into (2.6.1) to
yield

L
C= / Bae? —A(e- eg):l dzy (2.6.3)
0

where the condition e = ey was enforced by means of a Lagrange Multiplier A. Variation
over e yields A = ae, hence, the variable e can be eliminated using e = )\/q, to yield

L
C= / [/\69 - %Az/a] dz; (2.6.4)
0

It is convenient to interpret this relationship in the following physical terms : eg is a
fictitious strain, o is fictitious stiffness, and )\ a fictitious force, such that A = aeg.
By selecting a very large stiffness a we drive the strain eg to zero, i.e. we verify the
normality condition.

The nonlinear constraint expression (2.6.4) can be expanded using a linearization
technique to yield

C=T+[adl AN C—]

O} (2.6.5)
l T T Cuu Cux Au o

+2[A,u_ A_][C'u,\ C,\,\J [AA]-*_h'O't'

where

= _ — — 2.6.6
o _ 8T .o &C . _ T @60

uu—alaﬂ ! uA—a.EaA) A aAa-}\-

All derivatives are evaluated in the reference configuration.
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Chapter 3
Modal Reduction of the Finite Element Model

Section 3.1: Introduction

The versatility and efficiency of the finite element method makes it an attractive tool
for the analysis of helicopter rotor blades. Hodges [3-1] has recently reviewed various
finite element approaches, giving a comprehensive discussion of their assumptions and
features. An analysis including moderate rotations was developed by Friedmann and
Straub [2-3], as by Sivaneri and Chopra [3-2] based on the formulation of Hodges and
Dowell [3-3]. Giavotto et al. [3-4] and Borri [3-5] developed an approach that includes
finite rotations, as well as cross sectional warping deformations. Finally, a model for
arbitrarily large displacements and rotations of naturally curved and twisted blades was
developed in chapter 2.

These various approaches are very attractive because they allow accurate modeling of
rotor blades. The complex kinematics resulting from the large displacements and rotations
can be handled in a rational manner, and the intricate elastic behavior of composite blades
can be treated realistically by introducing transverse shearing and warping deformations,
as well as elastic coupling. However, the cost of such analysis can be prohibitive when
realistic problem must be treated.

Consider a composite blade with varying properties along the span: 100 to 150
degrees of freedom (DOFs) are typically necessary to accurately represent its geometry
and physical properties. This number must appear small, as problems involving 1,000,
or even 10,000 DOFs are routinely solved with large finite element codes. However,
in the case of a helicopter blade, the analyst is interested in determining its nonlinear
static behavior, its dynamic characteristics i.e. its natural frequencies and mode shapes,
its nonlinear, periodic dynamic response, and the stability characteristics of this periodic
response. The first two analysis types are relatively straightforward to handle, but the
latter ones are far more complex.

Consider the prediction of the nonlinear periodic response of the blade using the finite
element in the method [3-6]: the total number of DOFs equals the number of DOFs used
for the spatial model times the number of time stations. If 64 time stations are used, this
will yield 6,400 to 9,600 DOFs to be solved for in an iterative manner, since the problem
is nonlinear. For a gimballed rotor, all the blades must be considered simultaneously
since they will interact, hence a three bladed gimballed rotor would require the nonlinear
solution of 19,200 to 28,800 DOFs, rendering the analysis prohibitively expensive.

Additional problems will appear when stability analysis is performed using Floquet’s
theory, which is standard tool for dealing with the stability of periodic systems. In this
approach, the stability of the system is assessed from the eigenvalues of the transition
matrix, which is a fully populated matrix of an order equal to twice the number of spatial
DOFs. Considering once again the above example, the transition matrix would be of
order 200 to 300 for a single blade, and 600 to 900 for the gimballed rotor. Furthermore,
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this matrix is often ill-conditioned because the characteristic frequencies of the system
vary over an extremely wide range. For instance, if six DOFs are considered at each
node of the blade, axial frequencies will be included in the model. Such frequencies are
many orders of magnitude larger than the first flap frequency of the blade, yielding an
ill-conditioned transition matrix. This limitation is inherent to the approach, and will not
disappear with increased computational power.

In view of these numerical difficulties a modal representation appears as a natural
way of reducing the number of degrees of freedom of the problem. In fact modal
approaches have been very widely used to analyze rotor blades [3-7,11], and have the
additional advantage of involving degrees of freedom that have a direct physical meaning.
However, modal approaches are based on an inherent assumption: the motion of the blade
is restricted to the superposition of a small number of prescribed modes. Furthermore,
when applied to nonlinear problems, there is no assurance of convergence or accuracy
of the procedure. The goal of this research is to develop a finite element based modal
analysis for rotor blades. The expression finite element based refers to the fact that
a conventional finite element model of the blade is subjacent to the modal analysis
which accuracy can be assessed by reference to this complete finite element model. In
the development of a nonlinear finite element based modal approach, three points are of
particular importance: the type of nonlinearities, their order, and the choice of the modes.
The first two point will be addressed in the present chapter and the latter in the chapter 4.

Consider for instance a nonlinearity of trigonometric type say cos+, appearing in the
strain energy expression ( 4 is an unknown rotation angle). In the modal approximation,
this angle is expanded as v = 7'¢’, where 7' are the assumed mode shapes, y* the
generalized coordinates, and summation over all assumed modes is implied by the
repeated indices. To evaluate the strain energy, the expression cosy'i* must then be
integrated along the span of the blade; this is of course impossible since i* are as
yet unknown, and due to the transcendental nature of the trigonometric functions. To
avoid this problem, it is customary to expand the cosine function in a truncated series:
cosy'y' ~ 1 — 34'yIyp'p7 . This means of course that the analysis will be limited
to moderate rotations. Hence, if we wish to develop a modal approximation without
introducing additional assumptions, the nonlinearities must be of a simple, algebraic type.

Consider next the order of the nonlinearities, say 4", where n is the order of
nonlinearity. In the modal expansion this becomes y*yi~*...yipiyk... . It is clear that
the number of coefficients generated by such expression is proportional to N®, where N
is the number of assumed modes. Hence, for a 12 mode approximation of an expression
containing sixth order nonlinearities, 2.9x10° coefficients will be generated, requiring
22 megabytes of storage on a computer! From this discussion, it is clear that a modal
approach must be based on expression containing simple, algebraic type of nonlinearities
only, and the order of the nonlinearities must be as low as possible.

It is clear that the Reissner’s Principle based formulation described in chapter 2 is
ideally suited for a modal approximation since it involves nonlinearities only, of quadratic
order. The details of this modal reduction are given in the following sections.
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Section 3.2: Modal Approximation to The Total Lagrangian of The Structure.

When the structure is modeled using the idealizations described in chapter 2 the total
Lagrangian can be written as:

* * 1 * ! 1
L = / (gt Vi-spM ;_3;) - (ETQ— EETHE) dv (3.2.1)

where independent approximations can be made for the displacements, momenta, and
internal forces. It is convenient to distinguish between rigid and elastic velocities (2.5.21)

as.
Vi=AV,+V: (3.2.2)

and correspondingly, the following momentum is chosen:
p; = M*AU, + p; (3.2.3)

Introducing these equations, the total Lagrangian becomes:

L=L, 4L (3.2.4)
where the “rigid” Lagrangian is:
1
Ly =UIMY, - ;UTMU, +UJ(C - D)+ VD (3.2.5)
with
M= / ATM*A av (3.2.6)
14
C= / ATM*V: dV (3.2.7)
Vv
D= / ATp: dv (3.2.8)
|4
and the “elastic” Lagrangian is:
B T 1
L, = / (Be Y- opMTp, ) - (ETQ - §ETH_E) dv (3.2.9)
v

The rigid body motions are represented in terms of physical variables

E'=PARPQQiQ:Q); BN =|ARAGG:iG:¢ (210

where the P; are the components of the rigid body translation (2.5.7), and Q; the Euler
Parameters of the rigid body rotation (2.5.1). In contrast, the elastic displacements,
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momenta, and forces are assumed to be adequately represented by an expression in terms
of known mode shapes about a given steady reference configuration.

ui = ul + uly) (3.2.11)

where u is the time independent reference configuration of the elastic body, u ’ the
assumed mode shapes, and d;,{ the generalized coordinates. A similar expanswn is
selected for the elastic forces and momenta, respectively.

F;=F)+ Fly} (3.2.12)

=p}® + p}iy] (3.2.13)

Section 3.3: Elastic Lagrangian for Beam Elements.

Introducing the modal expansion described in section 3.2 into the expressions for
matrices G and H (Appendix A.6) yields:

G=G"+G*yt ; H=H"+ H*y} (3.3.1)
where -
. (—qg 4?0 q.g —%3

G = —q% _%3 900 q%) (3.3.2)
[ —43 492 —91 4Gy
and _ -
—qi d & -¢

G'=|-¢f -¢¢ & qi‘ (3.3.3)

L —93 Q§ —Qf 90 J
HO and H* are defined similarly. The elastic rotation matrix becomes

T =T + Thypk 4 THykyl (3.3.4)
where
T, = H°G'T; T} = H'G*T + H*G'T ; TH = H*G'T (3.3.5)
The strains (2.4.16) become
e= e+ ety + eyl + Hmylyur (3.36)
where:

@ =TTul & =TTy + T M = Ty ki = THTym (3.37)



with

u'lo-l—tu u'lk
u'l = u'20+t21 culf = u'2k . (3.3.8)
uf) + t31 uf
and
. [a & s ¢ a9
T) = |a) o) ohs| i T =|dh o o (3.3.9)
qg1 qu qgs 31 932 ‘1§3

Similarly the curvature (2.4.16) become:

&= 5"+ "yl + sMplyl (3.3.10)
where
Ko =2G"¢"%; £* = 2G%"* +2G*¢%; ¥ = 2G*¢" (3.3.11)
the warping strains become: _
eq = €§ + efipy (3.3.12)
Finally the fictitious strains are expanded as:
=gTg—1=ef +efpl + efploy (3.3.13)
where
ed =g ¢ 1; ef = 20" - ¢} el = ¢! - ¢ (3.3.14)

The strain expressions (3.3.1) to (3.3.4) can be written in a generic form

€= + gk 4 Hykyl 4 Fmykylym (3.3.15)

We now turns to the expression of the elastic translation velocity (2.5.10)
"_)e — tO + Utk¢k + 'U‘kl/)k + 'Ukl'l/)u'l/)l #H,lj)ﬁ,d)i

(3.3.16)
+ oS ML + LYl uT
where
v = T Xl s i = (T XY 4 +TE XVl s 4, = Ty
vk = Te"TX"Tg? U, = T’Tg"; prkim TCHT xm wg AL Tl,mTuk
(3.3.17)
with
P —(20+uf)  (yo+ u3)
X0 = (zo-f—ug) 0 —(:z:()-l—ul)
—(yo+ud) (z0+ 0
and (3.3.18)
3 [ 0 —-u§ u%
Xk = uf 0 —uf




The elastic angular velocities are found:

wp = wi + wityy + 0ty + wiFyyn + ol (33.19)
where
- 2k . %
w0 =TT s ik = TATLO ; 5% = 2G0gk ; Wit = THT . &e“ = 2G*¢*
(3.3.20)
The velocity expressions can be combined as:
Ve = V0 4+ Vetud + Vekiy + VeRukol + Vokjkyl (3321)
+ VGGl + Ve gl
The elastic Lagrangian now becomes:
Lo= L0+ L305 + L50L + Chuf + Lhuk + L8 ykyl 4 chl byl
+Lhivs + Ludpbu + Loty + LH050) + Louty) (33.22)
+ LTab O + Lomnbp byl + LEmgkglym
+ L U fPubi s + Lppue SEvb ol el + LEmn kgl ymyn
where
Y
=gV ETe ch= "V = B (¢ - HEY)
kT * 1y 0Ty r» 0T *kl
££=2ek v _ M Eeo>,£§{‘=£eo yrH _ o “,Cﬁ=2¢0Ke ,
1 x
£_I;'it - Fk ! ? L'I}’f - EEkTHE_I ' ‘C:all = ‘kTY-:I ) ‘Cﬁtli - ‘sze : ;
1 7 -1 T T T_. skl
C::, — _§&k M* 2:1; C:L’z =£:0 K:klm _EO gklm; ﬁsfx =£:0 ‘_/_e‘ m;
T T - slm
Lhm=~FF ™ chim = ptysim, chim = gy ™,
ﬁ}i‘mu: — _FkTélmn : L;l‘r'r‘;:: - E:kTK:lmn : ‘Cp’frli':: = EszY-_etlmn
(3.3.23)
Section 3.4: Rigid Lagrangian for Beam Elements
The matrix M* defined in 2.5.19 can be partitioned as:
. [mI m*T
M* = EIE 34.1)
The matrix M (3.2.6) can then be written as
[mI wmT
M= ER (3.4.2)
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where

m=mX + T.m*TL (3.4.3)
and
J=XmT + mXT —mXXT + T,J*TT (3.4.4)
The modal expansion of . gives:
m =m" + m*y; + mF Yy, (3.4.5)
where
m® = mu® + T0m* ; m* = mu* + Tim*; mb = THm (3.4.6)
The modal expansion of J becomes:
T = J0+ T+ Tty + TEm gl + TH el (3.47)
with

JO = X007 4 300 _ ) g0 50T TeOJ*TBT
TJE =X T o RE50T 4 50k o sk 0T _ 50 54T _ ) 55k 0T
+ T T + TR 1T
Jkl ___XPOThHT + er,’;th + 7,77’}:)"(1T + fhkl_)Z'OT _ mX-kXIT (348)
+ T:)JtTeHT + TCICIJ#TCOT + TekJ#TeIT
Jklm =XkThImT + ThHXmT + TthTImT + Tli#T‘mT
€ € [4 €
Jklm :TeIcIJ*TgnnT
The vector T = l&‘l_T, cBT J becomes:
CA=mi+mTwl+Tm"
= CA" + CAkyt + cAbgE + cARLpr gl 4 c AR Ryl
CB =i+ Jw? + XT.m* + T.J*w} .
= CB° Bk BryF BH k! B gkl
=00+ Q._u¢’u + de)u + Luu u¢u + Q——du¢u¢u .
+ CBEmytply + CBEmyEyLym 4 CBRmnykyl ymyn 1 CBRIma kgl ymyn

(3.4.9)

(3.4.10)"
where
CA® = mITW0; cAkF = T CAk = mu* + Thm* = m*
CAy, =m*Tw); cAll = (T"’ + T‘k) m* (3.4.11)
and

_Q_EO = JOQQ : Q:B_z = Jkl-i? : CBk = ,r:hoyk +X0Tekm# + ZOJ#Q:k
C_B,Iii‘ — JHQ_JQ; Q_Bisi = rhlyk +X1Tekmt +Xl (Tekl +Telk)m* +TCOJ*L4-_J:H + T:J*u_):k
_QE'I:LT:: — Jklmy_:.) : Qﬁﬁf{: — 7~nlmy_k + Xm (Tekl + Telk)mt + TJnJ:Q:H + Tgm']tgzk

CBklmn — JklmnwO . CBkLr::: — TeImJ*Q:kI

—_———utuu =r

(34.12)



Finally the vector QT = IQAT,MTJ becomes:
DA =T.p,

= DA® + DASY! + DASyE + DAR vyl + DAR pryl + u,’;,’::w:«/)(%wfm

and ;
DB = XTeE: + TeB_;

= DB" + DB{y% + DBy} + DBY ykyl + DB ykyl (3.4.14)
+ DBl + DB pkylym 4 DBRmaykylymon

where
* * k *
DA’ =T/p}"; DAy = T/p}"; DAY = T0pt%; DAY, = THp (34.15)
I sk ki Im_sk s
DAy, = Tipt* ; DAKm = T,™p:
and
DB’ = X’OT,?;_);“ + TBQZO ; DBk = (X'OTC" + X"Teo)z_);(’ + Tekzjo
M}Ig — XOTCOB;IC + Teol_’;k :
DB, = (ROTH + X7i)p0 + THp0; DBY = (X! + X'T8) 2t + i
DB = XMTimy s DBYT = (R°Tim + X'T7 )it + T
DBYR: = KTy
(3.4.16)

Section 3.5: Linearization of The Lagrangian

As a result of the modal expression described in the previous section, the total
Lagrangian can be written as:
£ =UTMY, - JUTMU, + UT(C - D)+ YD + L. (35.1)
where
M= MO + Mk¢k + MH¢k¢l + Mk1m¢k¢l¢m + Mklmn¢k¢l¢m¢n
Q — Qﬂ + gk¢k + le¢k¢l + Qk1m¢k¢l¢m + lemn¢k¢l¢m¢n
Q — _D_O + QkQSk +le¢k¢l + lem¢k¢l¢m + lemn¢k¢l¢m¢n
‘Cc = £2 + £::¢k + Efl¢k¢l + Eflm¢k¢l¢m + cflmn¢k¢l¢m¢n
The state vector ¢ = [iu , z_/):u, P P QPJ has been used to simplify the notation. The quasi-
linearization procedure is used to expand the Lagrangian about a known configuration:

(3.5.2)

Lp LRr AR
-7 T ART AT AsT (LRl 1| Lpp O AR
L=T+|aRT,AR ,AUT, A K ol * 3| . Lo AL
Ly Lor Lyp Lo Log )| A
+h.ot
(3.5.3)



where the first derivatives of the Lagrangian are:

Lp=Z(MU,+D); Ly =Z(MU, +D);
Ly =(MV, +C)- (MU, + D) (3.5.4)
Ly =UTMV, ~ UTMU, +UTC, + (VT - UT) D + Lo

The second derivatives of the Lagrangian are:

LrrR=W; Lap=W; Lyp=MZT; Lyp=MZT; Lyy =-M
Lor=(UTMi+DT)27; £, = (UTM; + DF) 27
Loy = (MY, +C;) - (MU, + D) ;
1
Los = UT MV, - SUTMU, + UTCy + (VT - UT) Dy + Lo

(3.5.5)

Increments in the rigid velocities can be related to increments in the rigid body parameters
as:

AV, =ZTAR+ ZTAR (3.5.6)
where
[0 0 0 2F 2Fy —-2F;3 2F
. 0 0 0 2F, 2F3 2Fy, —-2F)
T 0 0](0 0 0 2F -2R 2F 2R
ZT=10 T of|0 0 0 201 —2Q -2Q5 2Q; (357
0 0 1]10 0 0 2Q2 2Q3 -2Q0 -2Q;
0 0 0 291 —-2Q2 201 -—2Qo
[0 0 0 2Q0 21 2Q: 2Q3 |
[T, Toy Ty 0 0 0 0
. Tis Thy T3 0 0 0 0
_ ) 0 0| |Tis Ts Tz O 0 0 0
ZT=10 TV 0|0 0 0 -2Q1 2Q 203 -2Q,| (3.58)
0 0 1 0 0 0 -2Q@Q2 -2Q3 2Qo 2Q
0 0 0 -2Q3 2Q: -2Q1 2Qo
0 0 0 2@ 2@ 2Q2 2Q3 |
with

F Q1 Q @3
Fii_| Q@ Q3 -Qo

Fy -Q3 Qo O
F3 Q: -1 Qo

2
Py (3.5.9)
P

.39



The following quantities are now defined:
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and
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3-3.
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3-7.

3-8.

3-9.

3-10.

o B A Al sl B 2l
Rol= 2 _p P, _P Yol [S2|=2 -P; 0 P Y,
2 L2 vy S3 B - 0 ||ly
R; | -P —-P, P ’ )
H 0 Q 1 Q2 Q 3 YI* T 0 -F"3 P2 YI‘
Hi|_o| Q@ -Q @ ;| |m|=2|B o By
Hy Qs Qo - v T, P B ooy
Hj | —-Q2 Q1 Qo ' ‘
T 0 0
Y*=0 1T ol|Y
0 0 1
(3.5.16)
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Chapter 4
Comparisons of Modal and Finite Element Methods

Section 4.1 Introduction

The appropriate choice of modes is crucial to achieve accuracy in the modal analysis.
In general, natural vibration modes have been selected in modal analysis of rotor blades.
The relative merits of various sets of modes have been investigated, for instance, coupled
or uncoupled free vibration modes of a rotating or non-rotating blade [4-1,3]. It
is important to note that natural vibration modes characterize the linearized dynamic
behavior of the blade, i.e. the dynamic behavior of small, time dependent perturbations
about a given, steady equilibrium position of the blade. Even though it is natural to use
such modes in the analysis of nonlinear problem, it is well known that the accuracy and
efficiency of a modal method depends on the “quality” of the assumed modes, i.e. the
ability of the assumed modes to represent the actual response of the blade.

When natural vibration modes are used in conjunction with a displacement based
energy formulation that includes axial displacement as an independent variable, the
performance of the modal approximation is extremely poor. Consider the lateral deflection
of a blade in the nonlinear range, under a simple tip oscillatory load. If flapping modes
are used in the modal approximation, the lateral deflection is found to be much smaller
than that predicted by the full finite element model. This can be explained by the fact
that flapping modes contain no axial component (since they are linearized modes), hence
foreshortening of the blade is not allowed in the modal approximation and this results in
large axial loads which in turn, stiffen the blade considerably. The situation is somewhat
improved by adding axial vibration modes, but a large number of these modes is required
to obtained a good solution.

The reason for this behavior is twofold. First, in a displacement based formulation,
the stress-strain relationships are strongly enforced (i.e. they are satisfied on a point by
point basis), therefore, a very small error in the estimation of the axial strain (as should
be expected from a modal approximation) will result in very large axial forces, because
of the very large axial stiffness of the blade. In fact, the inextensibility assumption is
often made to avoid this problem, however, the formulation is then restricted to single
load path blades. This problem can be overcome when using the mixed formulation
described in Chapter 2. Indeed, in a mixed formulation, the stress-strain relationships are
only enforced in a weak sense (i.e. in an integral sense); hence, small errors in strain do
not necessarily result in large errors in the forces.

Second, the actual axial displacement of the blade is due to foreshortening (a
nonlinear kinematic phenomena), whereas axial vibration modes characterize true axial
vibrations (a purely linear vibratory phenomenon). In other words, we are trying to
"synthesize" a nonlinear kinematic mode shape, with linear vibratory mode. Since these
two phenomena are not physically related, we should hardly expect to obtain good results
in predicting axial displacements. This discussion has focussed on axial displacements
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due to foreshortening however, the above arguments equally apply to any nonlinear
behavior of the blade. For instance, transverse loads applied to the blade create a torque
due to the blade’s transverse deflections. This nonlinear kinematic coupling is very
important for helicopter blade response, as it can change its angle of attack.

This clearly indicates the need for selecting alternate mode shapes that contain
information about the nonlinear behavior of the structure. Several concepts have been
proposed to improve the quality of the modal bases when dealing with nonlinear problems.
The conceptually simplest method it to recalculate a new set of natural vibration modes
every once in a while as the deformations of the blade become significant [4-7]. In fact,
the natural vibration frequencies and associated mode shapes of a helicopter blade are
known to vary significantly around the azimuth [4-3]. Even though this approach might
give good results, it does so at a tremendous computational cost, since the modal basis
must be updated during the response calculation, and the modal reduction scheme must
be repeated at each update. Another approach is to include in the modal basis natural
vibration modes about various different equilibrium configurations of the structure. This
method is attractive since only a modest increase in computation cost is required to
evaluate the various equilibrium configurations. Furthermore, this method appears to
give accurate results, see for instance [4-7].

Finally, the concept of perturbation modes seems to hold promise for improving the
accuracy of modal methods. It was introduced by Thompson and Walker [4-4] as an
analytical tool for the study of the nonlinear behavior of beam structures, and later the
same concept was used by Noor et al [4-5,6] in the nonlinear static analysis of beam and
shell structures in conjunction with the finite element method. The very same concept
will be used here to study nonlinear dynamic problems.

Section 4.2 Perturbation Modes.

Static perturbation modes can be evaluated from a finite element model according to
the following procedure. The incremental form of the finite element equation is:

K(z)Au = Q- E(a), (4.2.1)

where u is the vector of nodal unknown that includes both nodal displacements and
forces, K the stiffness matrix linearized about a reference configuration @, @ the vector
of externally applied loads, and F the vector of equivalent nodal forces. Equilibrium is
achieved when Au = 0, or

Fu)-@Q =0, (4.2.2)

which simply states that at equilibrium, the equivalent nodal forces are equal to the
applied loads. The equilibrium configurationy* is of course a function of the applied
load. Consider now an applied load of the form AQ (X is a scalar), the equilibrium
condition is:

Fi(u()) - @i = 0. 4.2.3)
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Since F; is a nonlinear function of the displacements, equation (4.2.3) can not be solved
easily, however, taking the first derivative of this relation with respect to A yields:

9F; ()
—u;’ = Qi 424
where 3—-* K;; is the linearized stiffness matrix, andug-l) is the first perturbation mode
which is clcarly nothing else but the solution of the linearized problem. The second and
higher order derivatives become:

2 OF_ m
Kijul) = —m;—kuj up s (4.2.5)
Kou® PF_ @ o
A 6u 'auk (426)
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3u,auk3u1 ke
Kog® _ __ R (44 + 52202
Mo Bujauk @42.7)
PR @ m 0,
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o) OFi (. ) () @), (2)
Kty = =gy st (BulPu) + 106 u?) a2
O°F, B0 4 15,y @y 0 -
et (104" 1 :
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These relationships are recursive, and involve a single inversion of the linearized stiffness
matrix. They also involve higher order derivatives of the equivalent load vector F.. This
task is relatively simple when dealing with the finite element formulation described in
Section 2, since the energy expressions are purely algebraic, quartic expressions. This
also explains why fourth and higher order derivatives vanish and are thus absent in (4.2.7)
and (4.2.8). In a perturbation theory approach, the solution would be written as:

wi = + ) + %,\%f” + %,\%f’” R , (4.2.9)
however, the convergence characteristics of this expansion are extremely poor. A much
better approach is that proposed by Noor et al. [4-5,6] where the perturbation modes are
simply added to the modal basis of a standard modal analysis as described in Chapter 3.

The above formulation is limited to static problems; however, it can be readily
extended to accommodate dynamic situations. Let Q be the inertia forces associated with
a natural vibration mode shape u,, i.e. Q = wiM u,, where M is the mass matrix, and w;,
the associated natural frequency. The recursive relations (4.2.4) to (4.2.8) can be used to
obtain perturbations of these natural vibration mode shapes. Such modes will be termed
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here “dynamic perturbation modes.” In this case the stiffness matrix is the sum of the
structural stiffness matrix, and the centrifugal stiffness matrix.

Section 4.3 Numerical results and discussion.

The purpose of this chapter is to assess the accuracy of modal analysis methodologies.
This will be done by computing the dynamic response of structures obtained on one hand
from the full finite element procedure, which will be taken as a “reference” solution, and
on the other hand, from the modal analysis procedure , with various modal bases. The
computation proceeds with the following steps. First, the physical structure is discretized
into a number of beam elements and the corresponding finite element equations are
integrated in time using the finite element in time procedure to obtain the reference
solution. The second step is the selection of a modal basis consisting of a mixture
of the following types of modes: natural vibration mode shapes about the reference
configuration, natural vibration mode shapes about any other configuration, and static or
dynamic perturbation mode shapes. The third step consists of the modal reduction. It is
important to note that the full finite element model, the modal basis, and the modal
reduction are all based on the identical finite element discretization of the physical
problem. In the last step, the modal equations are integrated in time to obtain the modal
response. In all cases, both full finite element and modal equations are integrated using
two noded elements in time (i.c. a linear approximation for the displacements within
each time step), and identical time step size are selected.

It is important to note that all the models discussed here are based on the exact same
equations, namely the Euler equations resulting from the minimization of the Lagrangian
expression. The only difference among the various solutions is the description of the
solution fields: in the full finite element model, the solution is represented by polynomial
expressions defined within each finite element, whereas in the modal analysis, the solution
is represented by the modal superposition. Hence, all the responses presented in this work
are based on the exact same equations, with different spatial discretization of the solution.

The first test case consists of a straight, cantilevered blade, with a thin-walled,
rectangular cross-section. The blade has a length of 3 m, a width of 0.15 m, and a
height of 0.02 m. The wall thickness is 1mm, and the material is aluminum (Young’s
Modulus 73 GPa, density 2700 kg/m3). The overall geometry of the blade is depicted in
Figure 4.2. The blade does not rotate, and is subjected to a tip load of 250 N oscillating
with a period of 1 second. The blade is modelled with four cubic beam elements, for
a total of 96 displacement degrees of freedom. Forty time steps are used to model the
1 second period. Table 4.1 details the three different modal bases used for correlation.
Figure 4.3 compares the flapping deflections of the tip of the beam for the various modal
bases and the full finite element model. A good correlation is obtained for all modal
bases, even though very large transverse deflections occur (1.3 m compared to the 3m
length of the beam). Figure 4.4 shows the correlation for the axial displacement, i.e.
the foreshortening of the tip of the beam. Note that a single perturbation about the first
flap mode yields an excellent correlation, whereas adding the first 3 or 5 axial vibration
modes do not achieve this level of accuracy (bases 2 and 3, respectively).
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Table 4.1 Description of the Modal Bases for the (° Nonrotating Blade

Basis 1. Basis 2. Basis 3.
Flap Modes 1 1 1
Flap Perturbations 1 0 0
Lead-Lag Modes 1 1 1
Axial Modes 0 3 5

In the second test case, the blade’s cross section is tilted at a 45° angle with respect
to the loading axis. Table 4. 2 summarizes the various modal bases used here for the
modal analysis. Note that basis 4 involves modes which were taken about the deformed
configuration of the blade under the static load of 250 N at the tip. Figures 4.5 and 4.6
show the in-plane and out-of-plane deflections of the blade, which are all in reasonable
agreement with the reference solution. Figure 4.7 shows the tip twist of the blade, a
nonlinear kinematic phenomenon due to the offset of the tip load creating a torsion
moment arm. Basis 4, which contains the natural vibration modes about a predeformed
configuration of the blade performs well when the dynamic response of the blade is in
the same direction as that of the predeformation (the first half of the period), however
it performs very poorly when the dynamic response is in the opposite direction of the
predeformation (the second half of the period). This clearly shows that modes about
a predeformed configuration should be avoided when the dynamic response involves
complete reversals, as is the case for a helicopter blade. Basis 3 contains natural vibration
mode shapes only, and performs very poorly, missing the tip elastic twist by over a factor
of two, even though 5 torsion modes were used in an attempt to capture this kinematic
phenomenon. The reason for this poor correlation is that the observed twisting of the
blade is due to a nonlinear coupling effect, whereas the natural vibration mode shapes
characterize true torsion vibrations. These two phenomena are not physically related,
and this explains the poor correlation. Finally, Figure 4.8 depicts the amplitude of the
torsional warping deformation. Only basis 1 provides a good correlation for this quantity
that is directly related to the torsional loading in the blade. Clearly the perturbation
modes of basis 1 outperform all other bases, even though it only includes a total of 5
modes. Note that a static perturbation mode was included in this basis to provide the
proper nonlinear coupling between transverse loading and twisting.



Table 4.2 Description of the Modal Bases for the 45° Nonrotating Blade

Basis 1. Basis 2. Basis 3. Basis 4.
Flap Modes 1 1 1 1
Flap Perturbations 1 1 0 1
Lead-Lag Modes 1 1 1 1
Axial Modes 0 0 5 0
Torsion Modes 0 5 5 0
Static Modes 1 0 0 0
Static Perturbations 1 0 0 0

In the third test case, the 45° blade is now spinning at an angular velocity of 6.28
rad/sec, and is subjected to a 350 N oscillating tip load. Table 4.3 summarizes the various
modal bases used in this case. Figures 4.9 and 4.10 show the in-plane and out-of-plane
deflections, which are all in good agreement with the reference solution. Figures 4.11
and 4.12 show the tip twist and torsional warping amplitudes. Once again, basis 1, which
involves perturbation modes, clearly outperforms the other bases, even though it includes
5 modes only.

Table 4.3 Description of the Modal bases for the 45° Rotating Blade

Basis 1. Basis 2. Basis 3.
Flap Modes 1 1 1
Flap Perturbations 1 1 0
Lead-Lag Modes 1 1 1
Axial Modes 0 0 5
Torsion Modes 0 5 5
Static Modes 1 0 0
Static Perturbations 1 0 0

The last test case involves an actual helicopter blade: Sikorsky Aircraft’s Blackhawk
blade. This 27 ft long blade is modelled with 16 cubic elements, for a total of 336
degrees of freedom. Forty time steps are used to model a single period of 0.23 seconds.
The aerodynamic loading is approximated by a concentrated lift (1000 Ib) and drag
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(250 1b) forces applied at 92% span. Figures 4.13 and 4.14 show the in-plane and out-
of-plane deflections of the blade, which are in excellent agreement with the reference
solution. Figure 4.15 shows the tip twist (i.e., the tip angle of attack) of the blade, and
large discrepancies are observed between the reference solution and the various modal
responses. Several bases are examined, but produce only marginal improvement. The
reason for this discrepancy is probably the presence of nonlinear coupling between the
twisting of the blade and rotational dynamic effects. Such nonlinear couplings are non
properly represented by natural vibration modes, nor by perturbation modes. Indeed,
when calculating the perturbation modes, gyroscopic terms are ignored.

It is important to note that all the test cases examined in this effort involve a prescribed
loading. In actual problems, the loading is of an aerodynamic origin, and hence dependant
on the response of the blade, most noticeably on the angle of attack. Were the above
modal analysis used in an actual coupled problem (aerodynamics coupled with structural
dynamics), the discrepancy observed in the angle of attack (Figure 4.15) would generate
different loading conditions, which in turn would further change the blade’s response.
This would generate different responses for flapping, lead-lag, and twisting.

Table 4.4 Description of the Modal bases for the Blackhawk Blade

Basis 1. Basis 2. Basis 3.
Flap Modes 3 3 3
Flap Perturbations 0 0 1
Lead-Lag Modes 2 2 2
Axial Modes 0 1 1
Torsion Modes 5 5 5
Static Modes 1 0 0
Static Perturbations 1 0 0

Finally, it is interesting to compare the computational times for the various ap-
proaches. Table 4.5 summarizes the CPU times for the full finite element analysis and
the various modal approaches, normalized by the CPU time for the full finite element
analysis. It is interesting to note that even though the 5 mode modal analysis only re-
quires a small fraction of the full finite element CPU time, the cost of the modal analysis
drastically increases with the number of modes. In fact, the 12 mode analysis is more
expensive than the full finite element model. As the complexity of the full finite element
model increases, its cost will increase as well, however, Table 4.5 clearly indicates that
the costs of dealing with modal or full finite element models become comparable as the
number of modes increases. Since the accuracy of the modal analysis is questionable even
when using an increasing number of modes, the full finite element model is preferable.
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Table 4.5 Normalized CPU times for the 45° rotating blade

4-1.

4-2.

4-3.

4-5.
4-6.
4-7.

4-8.

Analysis Method Normalized CPU Time
Full FEM (96 DOFs) 1.00
Basis 1. (5 Modes) 0.090
Basis 2. (8 Modes) , 0.261
Basis 3. (12 Modes) 1.22
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Chapter §
Kinematic Constraints between Elastic Bodies.

Section 5.1: Introduction

This chapter deals with the formulation of the kinematic constraints between the
elastic bodies of a multibody system.

True position l Fictitious position

>
I

2

I

]

To define the multibody system, the initial position and orientation of the various
elastic bodies must be given, i.e. PU)(t = 0) the inertial position of the material point
O (2.5.7), and T{"(t = 0) the inertial orientation of the body (2.5.1) are specified. It is
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assumed that T%)(t = () is an identity matrix. The notation (.)(‘) is used to identify the

body i whenever the distinction is necessary.

Section 5.2: Displacement constraint hinge

A hinge corresponds to a set of kinematic constraints on the relative displacements
and rotations of two distinct bodies, and mvolves the degrees of freedom of two nodes,
one in each body. A set of orientation vectors d; is also associated with each hinge to
allow for the definition of the relative rotation constraints.

Consider first the kinematic constraint corresponding to the continuity of displace-
ments across the “hinge” which can be written as:

AV = F® (5.2.1)

where Rg') is the position of the hinge calculated in body i. In this section we examine
the formulation on the problem when constraint 5.2.1 is enforced. However, it is also
possible to enforce the time derivative of this constraint, this approach will be discussed
in section 5.4. When the constraint conditions are adequately formulated, the Lagrange
multpliers become the unknown forces transmitted at the “hinge”. Equation (5.2.1) can
be expanded as:

( PO 4 AV | ~<1>) ( BO 4 74 ~§l2>) =0 (5.2.2)

where P is the position of the reference frame (see (2.5.3), 7y the position of the
hinge in the undeformed body, and @), the elastic displacement of the hinge. The vector
relationship (5.2.2) can be expanded in component form as:
P(l) (1) ey
G & Ry P+ R, ?'B o

P L

<,
(2 " 242 S oy (5.2.3)
DR b ? +u%
-|h L Ly|P® —m?) ;<22) -(2 2) _
P%m 2?55 %2
3 0Oh

The reference triad of each elastic body is related to the inertial triad through (2.5.2),
hence the constraint condition becomes:
P(l) P<2) (1) e + e
| B P _ Pl | 4 g ?"} 3'3 _ gl ?53 Blhoo

(1 (2)
P - Pf Oh) + u3h) z(?)h gh (5.2.4)
or, in component terms:
PO L TN _ p) _ 7A@, 2 _ g (5.2.5)
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Consider now the kinematic constraints on the relative rotations of the two bodies
At time t = 0, the orientation of the hinge is given as:

Dol 1% | _ gl
aV | =d?| =17 I (5.2.6)
d'gl) df) I

This orientation triad can be related to the base vectors in each body using (2.5.2) and

@.2.7):
& &) &)
_%") = TTT{*)(t = 0yt f-%") =T é") (5.2.7)
hQ &) &

At time t, the two bodies have now rotated with respect to each other: J( ) becomes
1( ) , however, d; 7*(1 is attached to body 1, and d; 72 is attached 10 body 2, hence:

Cz:(a) g*{a)
| = T | g (5.2.8)
J;(a) g;(cr)
With the help of (2.2.14) and (2.5.2), we find:

JHe * i

&) | = T T T ple)T| | _ plaT| T (5.2.9)

P i, i

Let d(") <°‘), Q0<") Q(a), and {*) be the Euler Parameters associated with the

rotation matrices t<°> <°) T T("S, and R{®) respectively. The relative rotation

rule (A36-37) ylelds

rle) = A(Q("’)) A(Qom) B(d<a))g(a) (5.2.10)
The relative rotation at the hinge is now:
d—:_(l) ) a2
4V | = ROTRO)| F2 | = 5| 2@ (5.2.11)
J;(x) (;;(2) (;;(2)

and the relative rotation rule (A38) now yields the Euler parameters associated with S

as:
5 = riDT gin@ (5.2.12)
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where

0 10 0
St= '01 8 g _01 (5.2.13)
0 01 0
0 0 10
S?= -01 8 g (1) (5.2.14)
0 -1 0 0
0 0 0 1
S* = g (1) _01 g (5.2.15)
-10 0 0

The appropriate relative rotation can be constrained by enforcing the corresponding Euler
Parameter to vanish, i.e.

s;i=0 (5.2.16)

The kinematic constraints (5.2.5) or (5.2.16) can be enforced by means of the
Lagrange multiplier technique. Since a Hellinger-Reissner formulation is used for the
other components of the Lagrangian, it is convenient to use a similar formulation for
the constraints, namely:

H=fT ( PO 4 O _ pa) _ T;2>Tp<2>y§22>)
1 (5.2.17)

+r0Tsp® - — (fT-f + gT-g)
2o \= =" 2 2

where
0 g1 g2 g3

-1 0 -g3 ¢ (5.2.18)
—-92 g3 0 -g

—93 —g92 g1 0

fi and g; are the Lagrange multipliers, and « is a large number.

S=g1S"+ 925 + 325% =

Section 5.3: Modal approximation of the kinematic constraint
at a displacement hinge.

In this section the kinematic constraint at a hinge (5.2.17) is expanded using the
modal approximation described in section 3.2. The elastic displacement of the hinge
(5.2.5) is expanded as:

U™ = w4 el k@) (5.3.1)
and
vl = Ty = 0le) 4 yHladykle) (532)
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where

™) — T,°<")g‘,:(“); o) = Tro(a)y.:(a)

and finally:
Q‘(OO _ Tr(a)y-(a) — QtO(a) + th(a),‘/)t’:(a)

where

*0(01) T(a) O(a) tk(a) - Tr(a)gk(a)

Similarly, the array r{® (5.2.10) is expanded as:
rl@) = (0} | pk{a)y ko)

where:

z()(ar) = A(Q(a))A(QO(a))B(d(a>)go(°‘);
k@) = A(Q(a) (Q()(a)) (d(a))gk(a).

(5.3.3)

(5.3.4)

(5.3.5)

(5.3.6)

(5.3.7)

With the help of (5.2.1) to (5.2.7) the constraint condition (5.2.17) becomes:

H = iT(B(l) P(2> + v#(l) _ vt(2)) + T'(1>TST'(2)

(fo+g g)

(5.3.8)

The constraint expression is a nonlinear funtions of the rigid body parameters and
generalized elastic coordinates of the two bodies. The quasilinearization procedure can
be used to expand this expression about a known configuration to find:

Hp

H,m

H=H+ AR ApDT ARGT AypAT AfT |{| Hpe

H,e

Hy
Hpoypoy AE( )
1 H,wmpm 0 Af(l)
+3 Hpenpowy Hpoegw Hpopo AEM
Hywmpowy Hyagw Hyopo o 0 Agff)

Hpw Hyyn Hipy Hpyno Hpp||l A

The derivative with respect to R(*) is:

f1 1
f2
Js T
H ) = sign{a) flbé") + b i+ F087 + ofT 51(8)
AL = £2b5 + F3b3 4 r<°>T SriB)
Ab + f2bz — f2b{™ 41 °>T5 (8)
—-f 1b§a> + fzbg + fqb(“) + r“’)TS,.(ﬂ)

} + h.o.t.

(5.3.9)

(5.3.10)



where the following notation is used:
sign(l) = +1; sign(2) = -1

(B) = 2when (a) = 1; (f) = 1when (o) = 2
_r_fa) denotes the derivative of r(*) with respect to Q,(-a), and
w1 % 9%
o= A %
b Q3 Q -Q)
bza) _an) Q?a) Qq{)a)
The derivative with respect to w{® is:
Eu‘(o) — Sing(Oz) (iTyti(a) +£i(a)TS£(ﬂ))

{a)

The derivative with respect to f is:

Pl(l) + v;(l) _ Pl(z) - .UI(2) - fi/a
P 4 v;(l) _pa_ v;(2) — fola
o= | P ) = P i gy
= VTSI _ g1 /a
V7523 _ gy/a

rT 5% — ga/a

The derivative with respect to E("),ﬁ(") is:
0

H ptay iy = sign{a)

O O o ocoo
O O oo o

S TC') (o)
5'3") T(") %‘5’) R:(;’)

where Ri® v§a> oD ) ,

Rl H ) || f

@ [=2 e & wl|f

R v v V3 f

o) A _m @y |1
¢ ! by L

5§a> 0 —”30) Uza) h

sl =9 v§a> 0 —v§°) fa

st o ol
Ti®) 0 o Wi
T3 | =2 v%“) 0 | f
T A B0 o ||

(5.3.11)

(5.3.12)

(5.3.13)

(5.3.14)

(5.3.15)

(5.3.16)

(5.3.17)



The derivative with respect to i) Rle) i

[ 0
0
t{a i({a i{a i{a)T
HZ:(Q)R(Q) = sign{a) flb< ) + f2b o) + f';b( ) +ry (o )TSr(‘B> (5.3.18)
flbz(a) f2b +fqb'(a) '1(") Sr(ﬁ)
£ +f2bn( - fabi o) 4 eI 5,00
B L Y S N AL r’<">Tsr<ﬂ>
where b§,<") Qéa) an) Q%a)
i(a) o)  _ple ol |
Z,l(a) =2 g?a> Q%i) QQ2<a> ute) (5.3.19)
2 3 -
i | |-ef ol ql
The derivative with respect to f, R is:
100 8 5 b%") —b
010 b§“> ‘“> b bé‘”
Ho 0 0 1 o) b<") — 5§ %
R = sign{a) 0 0 0 E(a)Tsl ) L(a)Tslr(ﬂ) (a)TSlr(ﬂ) L(a)Tslz(ﬂ)
0 0 0 rTs2® poTg2.08) (7T 52,(8) {7 52,(8)
0 0 O E(()a) S'%z(ﬂ) _IQ)TS‘;E(ﬂ) 12“)TS3£(I9) L'(;a)TS(gE?(’ﬂz)d)
The derivative with respect to f, Hie) i
n(a)
n(a)
Heov = si "(") (5.3.21)
fuita) = szyn(a) '<0)T517‘(ﬂ> e
'(a)T52,-(ﬁ)
_t(a)Ts‘*z(ﬂ)
The derivative with respect to E(z),ﬁ(l) is:
0 0 0 0 0 0 0
6 00 0 0 0 0
H = g g 8 7‘<1)T(.)9£((]2) r(l)T(?S'r(2> r(l)T(iqu) A”T(isr‘z) (5.3.22)
F] 1}y — - at -, .
RORED 0 0 0 rV7sr2 rzl)TSr 2 r%I)TSr 2 r(l)TS;?z)
0 0 0 r 1)TS'rb) rzl)TSrb) r?l)TSr 2 :21>T5r%2)
00 0 Eol)TSE.§2) Eil)Tszgz) £21)T SL2) rgl):rs z)




The derivative with respect to %52 R is:
Hywmpo =10 0 0 AT pi@Tg{h pidTgrl) T g {0 | (5323

The derivative with respect to _}_2(2),11),';(1) is:

i 0
0
; (2)
Hporgioy = | 2T St (5.3.24)
TSy 2)
.(1)T Sr 2)
__,(1)T5,, 2)j
The derivative with respect to %2 31 is:
Hyinon = /0T 5@ (5.3.25)
Finally, the derivative with respect to £ f s
1171 0
Hpf=—= I’ (5.3.26)

Section 5.4: Velocity constraint hinge

The second constraint is the continuity of velocities across the “hinge” which can

be written as:
<1> 5, <2>

R, =R, (5.4.1)

where R‘g) is the velocity of the hinge calculated in body i. When the constraint
conditions are adequately formulated, the Lagrange multipliers become the unknown
impulses transmitted at the “hinges”. Equation (5.4.1) can be expanded as:

(P(l) + 7'.(1) + "'(1)) ( (2) + 7 _‘(2) 42)) =0 (5.4.2)
The vector relationship (5.4.2) can be expanded in component form as:
(1) o )
7 d 1 1) =1 -'(1) %I; 515) "(1) 21 A1 ulf
|, & L P()+t1 o) I p | iy ]| ul
P | Zm.) +ug u%) |
p1(2> /) (2)
- I L5 [ P§2) _ Mfz) ;(22) 12)J ??’3 %2 -(2) ;'(22) ;§2) 1w (2)
3
‘®43)



The reference triad of each elastic body is related to the inertial triad through (2.5.2),
hence the constraint condition becomes:

Pl'(l) _ Pl'(z)
|55, B[4 P - A2
P Pl

RO VI o) e
4 70 y?i}iu%ﬁ L 77 y?}'}iuiﬁ L T uélZ)
A 4l A+l £
| 2 o2 2@ 4 2

- AT y§‘;’3 +u§3§ - T yéi) +u§‘7’§ -T2 ) =0
20 + ugy 20 + ugy uld

(5.44)

or, in component terms:

P 4 <T31>T9<1) +T,“)Trd“))g§,” +T51)T9<”uf)

| | ' , (5.4.5)
_pl) (TS”T,‘"?) . T,‘”Tf‘”) W - TATILO —

The kinematic constraints (5.4.4) or (5.4.5) can be enforced by means of the Lagrange
muldplier technique. Since a Hellinger-Reissner formulation is used for the other
components of the Lagrangian, it is convenient to use a similar formulation for the
constraints, namely:

H=fT{p 4 (T}”TI’“) +T,“)Trd<1>>g§,” + T,
- P _ <T32>Tf"2) + T,(2)Trd<2>> u® — TATI, 2 (5.4.6)

()=

Section 5.5: Modal Approximation of the kinematic constraint at a velocity hinge.

In this section the kinematic constraint at a hinge (5.4.6) is expanded using the modal
approximation described in section 3.2. The elastic displacement of the hinge (5.4.5) is
expanded as:

w®) = y00@) 4 yHle)yka) 55
(@) _ ) ykte)

Uy
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and 0 0 k k
(o) _ g0y @) _ e | K he)

v
an) _ rO(a)Ega) _ 2(2)(0) + 2g(ar)z/,":(a) (5.5.2)
pf®) = T o prle) k(e
where Oa) _ 0(a), 0(a).  Ka) _ ma). Ka)
o =T e =T, (5.5.3)
Qg(a) — Tr()(a)gg(a); 2l2c(cv) - Tf(e)ﬁ(n)
and finally:
p}f®) = T yfe) _ y0la) | rik(a) k()
y;(a) - Tr(a)yga) _ Q;O(o) + 2;k<a)¢§<a) (5.5.4)
uil@ = el yfed _ ekl Ke)
where

w}0) = g N, ki) _ pla) k)
*O(G) T(a) 0(01) tk(a) T(a) k(a) (5.5.5)
*k(a) _ 7o), k(a)

With the help of (5.5.1) to (5.5.5) the constraint condition (5.4.6) becomes:

H = fT(_B'm — PO gt @ ) e ) _v;&)) 1 (fT f)
B T T ss)

The constraint expression is a nonlinear funtions of the rigid body parameters and
generalized elastic coordinates of the two bodies. The quasilinearization procedure can
be used to expand this expression about a known configuration to find:

Ha
Hyw
H=H+ 20T AT As®T AePT AfT|{| Heo
Hy
H
Hymew Aiq)
1 [ Hewan 0 g
T+ 3 Hymgm  Hemgm Heogo Ag@) } + hot.
Hymen Hymwoy Hyogo 0 AT
qu,(x) qu,(x) Hf\p(w) qu,(z) Hyy Af

- (5.5.7)
where 7 = [ET ﬁTJ and 07T = [¢T L/JTJ
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The derivative with respect to R(* is:

0
0

0
ER(Q) = szgn(a) fleia) + f2€(a) + f3€%a)
Frel® = fael™ + frel®
fleaa) + f2€00) - f361a)
| —fres™ + f2el® + fel? |

where,

wl 1% % 9%
ba’) —9 Q? —Q3 Q2 v(a)
7 e e
b3a> Q3" Qf Qo
@) o o
{ar) fa @
i |_ol @ —Q3° Q2 | (a)
0= gl gl g |v
cza) _ an) Q?a) Qéa)
and . . .
dga> Q<1°') Qg‘f’) Q:(;")
dé:; _, Qéa) _an) Qg‘f> an)
W | @ e -er
R O
finally
e” = b5 + 59 + d5” for 1=0,3

The derivative with respect to R{*) is:

_ A ]
fa

f3
H oy = sign{a) flhia) + b8 + fsh%a)
AR — B0 4+ frRL
AR + fah8) — fohi®
= AR 4 b8 4 fom® ]

where

I e A
AL g Q' -0f @ | @

ho> | T gl gl g |u
s> gl gl gl
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(5.5.8)

(5.5.9)

(5.5.10)

(5.5.11)

(5.5.12)

(5.5.13)

(5.5.14)



The following notation is used:

sign(l) = +1; sign(2) = -1 (5.5.15)
(B) = 2when (a) = 1; (B) = 1when (a) = 2 (5.5.16)
The derivative with respect to 9 is
Hyor = signfa)fT (27 +25) (5.5.17)
The derivative with respect to ( o} is:
H_;., = sign(a) ( fg’;‘"’) (5.5.18)
The derivative with respect to fis:
H= B<1> __£<2> + o<1 pi<l> + <> — <>y <I> w3t — f/a
(5.5.19)
The derivative with respect to R(*), R{®) ;
0
0 0
0 00 ()
Hp gty = signfa) |0 0 0 R? (5.5.20)
00 0 52") Ré")
000 S T R%")
000 S 7 i R
where
Rl 1(0) vg(a) 3@ 1(0) vg(a) '*(a)
) 1<a> o | | e e || [ A
loy | =2 Yy |+ ey | 1] £
R a) l(a) ’U2 o) v {a) 1(0) 2 a) o {a) 2
Rl o T 1<a> e il || 158
le) ’ o F ’%<a> 2<a>
51 %0 -V 'U21 ‘;O fl
S(a) =92 v-(“) 0 _v2(°') + v:';(a) 0 1() f2
5%«:) _Je e _2a) vZua) o 1%
{a 3o 2A{a 3Na e
ool 2 e, 5 )|
T%a = 2 % « O 'U2 @ 2 @ 0 v:{(a) f2
i) Mo e k) Ll o ||
(5.5.21)
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The derivative with respect to E(“),E<") is:

H piay piay = signfa)

where

000 0O 0 0 0
6000 0O 0 0 0
000 O 0 0 0
0 0 0 U v vyl (5.5.22)
000 v y® W%") W%(")
000 W w p W2“>
00 0 V® w wi y
e o) 2e) 3
gl | | e e e[ f
=2 ! bay || £
gl | =2 o ey _ e || 2
1 foy || f3
gl || e _jae sl
X 1 k 5
VRO) 0 —v.l(a) 1(0) fl 5523
v =2 ¥ 0 ]I g 2
ye _oXe) e o |
a Na 2o
wie) 0 o™ WX p
W%M P vz<a> 0 o@|s
Wi p2@) e o ||
The derivative with respect to ¥ R(®) is:
i 0 .
0

T
Hu'(a)R(a)

where

= sign{a)

. . L0 . .
fl b'l(a) +d'1(°’) +f2 b'2(°)+d;(0) +f3 b;(“) +d§(“)

fi b:)(a) +d:)(°') — b_f{(a) +d;(°’) + fa b;(a) +d;(0)
fi b;(a) + d;(a) + fo b:)(a) + d:,(a) — fa bi(a) + dil(a)
|- A (6 + ) + (5 + ) + £ (5 + d:;“’)) _
(5.5.24)
b:')<a> Qg") Q(z") Q%"‘)
g B A S A
e Yy Ny |
b3 _Q2a Qla Qoa
d;')<°> Q(la) ng) an) (5.5.25)
<>, o - QY i
EI| e e gl
3 _la) (o) {a)
Q2 @ Qo
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The derivative with respect to z/)'( ) Rl®) i
B O 7
0

HE oy ey = signia) | f16] + f2c 0 ot f*C'M (5.5.26)
flc - fzc + facy®
fc + foch® sz'M
—f1c2 + f2c )+ fac (Q)J

where C:)(a) Qéa) Q(a) Q%a)
ia) a) (a) fa) |
¢ QO Q Q i{a)
[ =2 o A et (5.5.27)
2 Q3 Q? Q1
c;‘(a) _Qg") Qla) Q(()a)
T T
H iy pior = H piior peay (5.5.28)

The derivative with respect to £, R g

0 0 O e%a) ega) e%a) — el
Hip@ = sign{a) |0 0 0 el —e§a) ena) eéa) (5.5.29)
0 00 630) ega) —eﬁa) ela)
The derivative with respect to f, ﬁz") is:
1 0 0 h(") h(“) h(") h(a)
HfR(a>‘—‘sign(a){0 1 0 h%") h“’) R hé")] (5.5.30)
0 0 1 h® h“’) S
The derivative with respect to f, i s
11"(0)'*' 1#1{a)
Hjyitey = sign{a) | v29® 4y %"“’) (5.5.31)
n(a) si{a)
51 Vg
The derivative with respect to f, @) g,
- v'l*x:(n)
H, o = sign(a) v%‘f:"i (5.5.32)
v‘:;*la



Finally, the derivative with respect to f, f is:

1
Hyp=——

(5.5.33)

Iol

Section 5.6: Finite Element in Time Discretization of a Single Elastic Body.

The finite element in time procedure will be used to derive the governing equations
of the problem. In the modal formulation, the time varying unknowns of the problem
are the dispacement variables ¥, the force variables F, the momenta variables P, and A.
The displacement variables are interpolated as follows:

N.
Ut) = gua(r)Uy (5.6.1)
k=1

where g,’f are the interpolation functions, and U* the nodal displacements. If ¢; and ¢ f
are the initial and final times of the period under investigation, the nondimensional time

T is given as:
2 ti —t5
== (¢ 21 5.6.2
T At(t 5 ) (5.6.2)

where At = t; —t;. The shape functon will be chosen as follows:

1
9u=5(Po - P1)

1

g = 5(Po+ Py) (5.6.3)
Py —Py_

g,’: = A lT k3 Sr—2 k£=3,4,..N,

2k -3

where the P; are the Legendre Polynomials, and the S; their integrals. In view of the
properties of Legendre polynomials, these interpolation functions are such that:

gi(-1) = 1.0; ¢3(-1)=0.0; g¥&(-1) = 0.0, k= 3,...N,

5.6.4
g (+1) = 0.0; g2(+1) = 1.0; g¥(+1) = 0.0, k = 3,...N, 669
which means that:
U(t:) = Uy, and U(ts) = U, (5.6.5)
The time derivative of the displacement generalized coordinates are now:
. N"
Uty=>_ gk(r)i; (5.6.6)

k=1
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where

1
1 _ 2
gu - 2
1
32 = (5.6.7)
Ju 5

i¥*=P_y k=34,..N,

The force and momentum variables are interpolated with the help of the Legendre
polynomials as well:

Ny
E(t) =) gin)E (5.6.8)
k=1
and
Ny
Pt)=) gi(r)Py (5.6.9)
k=1
where
=P k=1,2,.N; (5.6.10)
and
gF=P_1 k=121, (5.6.11)

These various interpolation functions are conveniently written in matrix form, for
instance (5.6.1) can be written as:

U(t) = BJU; U(t) = Byl

- A (5.6.12)
F(t) = BsF; P(t) = B,P
where
a4t = |dy iy ...ty | (5.6.13)

The complete Lagrangian for a single elastic body was derived in chapter 3, equation
(3.5.3), introducing the interpolation functions we find:

L=T+|ad" af a?"|{

FEE

- P - - 5.6.14
Luu Lur Lup||AU ( )

Lrr 0 ||AZ[}+hot
Lpp || AP

+

B e



where
ty

Lu= [ (BTLu+BiLo)ds
t
Yy

Lr= / Bl Lydt; (5.6.15)

and
ty

Lur = /Bfﬁufodt;
(5.6.16)

y
Lyp = / (BZ’ LypB, + BT vaB,,)dt;
t;
ty iy
Lrr= /B?Effodt; fpp = /Bgﬁppodt

t; t;

In the case of mutually interacting bodies, kinematic constraints such as (5.2.2)
will couple the behavior of the various bodies. However, these constraints are purely
kinematic, i.e. they do not involve forces and momenta, hence, forces and momenta are
independent variables within each body. The stationarity condition with respect to these
variables yields:

AE = —£5LF - £5LET A

A 7 N . (5.6.17)
AP = ~Loplp — LyplipAU

Introducing these results into (5.6.14) yields a reduced Lagrangian expression:

L=T+M0Ly+ %AQ_TLWAQ +hot (5.6.18)
where i L o
Ly =Ly — LurlFsLr — Luploplp (5.6.19)
- and ) o o

Luw = Luu = Lurlz 5 Llr — Luploblip (5.6.20)
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Section 5.7: Finite Element in Time Discretization of a Hinge Constraint.

Consider a single hinge joining two elastic bodies. The corresponding kinematic
constraint is in the form of (5.2.1). The Finite Element in Time discretization of
the displacement variables was given in section 5.6, and the Lagrange multipliers are
interpolated as:

N“
p(t) = gk(r)im (5.7.1)
k=1
where
gﬁ(T) =P k=1,..N, (5.7.2)

and the corresponding interpolation matrix isB,,.
With the help of these interpolation functions, the constraint condition (5.2.9) be-

comes: .
Hy o
H=H+ | AU AgDT  ApT [{| Hye
H,
R R - . (5.7.3
1 Huowuo Hyowueo  Hyw, ALA(LIT_ )
+ = Hyouw Hu(z)u Alﬁ } + koot
2 < N
Hup Ap
where
ty ty
Hywy = / By Hywdt; H, = / B H,dt (5.7.4)
i i,
and
ty iy
ﬂu(a)uo) = /Bgﬂuu)uo)Budt; ﬁu(s)# = /BEHU(;)MB”dt;
t b (5.7.5)

i
H,, = / BI'H,,B,dt
t.
The Lagrange multipliers are independent variables for each hinge. The stationarity
condition with respect to these variables yields:

Ap = —HoiHy — HodFl MU — HVE L, AU®) (5.7.6)
Introducing these results into (5.7.3) yields a reduced constraint expression:
H=TH+a007 ag®T|(|Hue
Ryt 1) (5.7.7)
+ HHuouw  Hyeye || AU }+ hot
2 Hy Gy || AUE o
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where ) R o
Hyo = (Hyo - Ruo,HaaHy) (5.7.8)

and ,
Hy oo = (H,,(i)u(,) - Hm.-,,,H;,}H{,(,,u) (5.1.9)

Section 5.8: Governing Equations of Multibody Systems.

Consider now a problem involving NV, elastic bodies interacting through NV, hinges.
Hamilton’s Principle writes:

5L+ 6w + {PT [U(t:) - U] - P] [U(t;) - Us] } =0 (5.8.1)
where L is the total Lagrangian of the system given by:
Ne  Nn
L=>) &4y g (5.8.2)
1=1 a=1

6W is the virtual work done by the applied loads; P; and P are the initial and final
momenta vectors, respectively; U; and Uy the initial and final values of the displacement
vector U(t); and finally ¢; and ¢; the initial and final times of the period under
consideration. The unknowns of the problem are the displacements in each of the N,
elastic bodies, i.e.

UL(t) = [L?“)T(t),a(?ﬂ“(t), AT (1) J (5.8.3)

With the help of the finite element in time discretization described in the previous sections,
the unknown nodal values are:

T = lu_{u_{uTJ (5.8.4)
where i R
OF = [u,.“)T,u,@)T,...uf”b)T J i=1,2,..N, (5.8.5)

The variations of (5.8.1) with respect to the unknown initial and final momenta yields:

G=U 0=y (5.8.6)
and the variation with respect to U yields:
U(ti) = U; and U(t5) = Uy (5.8.7)
which, in view of (5.6.5) is simply:

|
I
53
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The variation of (5.8.1) with respect to the unknown displacements yields:
E+KAU+P + Q=0 (5.8.9)

where F is the equivalent load vector and K the stiffness matrix, both obtained from the
appropriate assembly of the Lagrangian (5.6.20) of each elastic body and the constraint
(5.7.7) of each hinge. The momentum vector is:

P = |PT,-P7,0,..0| (5.8.10)

and Q is the vector of applied loads.
The intermediate nodal variables can be evaluated and eliminated from (5.8.9) to
give:

(5.8.11)

K 7P| _R+Q
K f 1 AU Uy +P Py El + &
In a step by step integration scheme the initial displacement and momentum are known
quantities, hence AU; = 0 and the corresponding quantities at the end of the time step
are:
AUy = —K'[Pi + Fi + Q]

5.8.12
ﬂ: KffA&-*-Ef_ﬁ'& ( )

Section 5.9: Numerical results and discussions

Section 5.9.1 Spinning Top

The spinning top will be investigated to test the modeling of rigid body motions
and constraint equations. The base point of the spinning top is not free to translate
but rotations are allowed. As discussed in the previous sections, this constraint can be
applied in two ways: the displacement of the base point can be constrained ( we will
refer to this case as the “D-hinge”.), or the velocity of the base point can be constrained
( the “V-hinge”). The numerical accuracy and stability of these two models will be
addressed here.

The analytical solution of the spinning top case is obtained by using Euler angles
8,4, and 1. The Lagrangian of the system writes:

L=T-U
1 1 1. 5.9.1
= EIlw? + 5[200% + §I3w;% — pgdcosf ( )

where I;, and w; are the moments of inertia and angular velocities in 1,2 and 3
coordinates respectively. u,g, and d represents mass density, gravitational acceleration
and the distance from the origin to the center of gravity of the body respectively. By
using the Euler angles 6, ¢, and 4 Eq. (5.9.1) can be rewritten as:

_ 17 09 . 9 1: 50 Lz (- ) —
L= zL¢"sin"6 + 716" + 213(¢C059+‘/’) ugd cos 6 (5.9.2)
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Hamilton’s Principle writes:
fr1 1 1 2 !
1o 9 o 1c 50 1o 7o N2 5
5/ (211¢ sin“ 0 + 2129 + 213(¢cos€+¢) ,ugdcosG)dt (péz] (5.9.3)
ti

i

Variations with respect to 8, ¢, and v yield to three equations of motions.
66 : -;—I-lq'ﬁf‘) sin26 — Io6 — f;;q'ﬁsinO(q'S cosf + 1,[)) + pugdcos6 =0
6¢: ILipsin®8+ I (d> cos @ + 1/1) cos @ = Py = Constant (5.9.9)
§v: I3 (¢ cos 8 + 1/1) = Py = Constant

These equations are solved by Gear’s method in IMSL routine. The error tolerance is
assigned as 10~19. The solutions obtained by this method will be called as “analytcal
solution”.

Three sets of initial conditions were investigated and compared with another numer-
ical solution obtained by F.J. Mello [5-1]. The initial conditions are chosen to yield
three different types of motions. .

Case 1 exhibits precession which is always in the same direction throughout in the
motion; Case 2 exhibits precession which changes sign during the motion; and Case 3
exhibits precession which does not reverse its direction but it does stop at points in its
motion (cuspidal motion).

The input data for each case is the same as Ref [5-1] given as:

Case 1:

The mass is 1.0. The axial moment of inertia is .40

The transverse moment of inertia is .75.

The initial orientation is in the yz plane +10 degrees from vertical.

The initial angular velocity is (0., .9888, 7.5167) rad/sec.

The distance from the mass center to the support is .2

Gravity is 3.0

Case 2:

The initial angular velocity is (0., .20905, 6.2964) rad/sec.

All other data are the same.

Case 3: B

Initial angular velocity is (0., 0., 6.3794) rad/sec.

All other data are the same.

In this work the constraints are imposed via a Lagrange multiplier technique, and
uses a fictitious stiffnesses (5.3.8, 5.4.6). The results are sensitive to the choice of
these Lagrange multipliers. a is the fictitious stiffness associated with the normality
condition of the Euler parameters representing the rigid body motion, and as that the
hinge constraint. Several values were in uses as shown in table 5.1.
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Table 5.1 Choices of fictitious stiffness

Fictitious stiffness for Fictitious stiffness for
Euler Parameters(a;) Hinge Constraint(as)
Case (A) 10° 107
Case (B) 106 108
Case (C) 108 1010

The motion of the spinning top was analyzed with 2,3, and 4 noded elements in
time for the various motion types, and for the different values fictitious stiffness. The
accuracy of the results is assessed by comparing the analytical solution with the numerical
predictions for the x, y, and z coordinates of the center of mass of the spinning top. Table
5.2 presents the results for the case 1 type motion. 100 time steps of At=0.06 sec were
performed. For the two noded time element the D-hinge solution diverged for all values
of the fictitious stiffnesses, the V-hinge solution was stable, but its accuracy was poor
when compared to the results of ref [5-1]. For the three noded element, the D-hinge gave
stable solutions but its accuracy is rather poor when compare to that of V-hinge which
gave answers comparable to that of ref [5-1]. Finally the four noded element gave poor
answers for the D-hinge, and very accurate predictions for the V-hinge.

These results also clearly show the need to select appropriate values of the fictitious
stiffnesses: high enough values should be selected as to properly enforce the constraint.
Fig 5.1 shows the motion of the center of mass projected in the xy plane, for the two
noded element. It is that the numerical results are ahead of the analytical solution, in
other words, the top “spins faster” in the numerical model. Fig 5.2 shows the result for
the D-hinge, however, at At=0.02 sec was selected, as At=0.06 sec yield unstable results.

Fig 5.3 and 5.4 present the results of the three and four noded elements with time
increment. Fig 5.5 through 5.9 present the results for case 2 and 3 motions. It is clear that
the D-hinge shows oscillations of increasing amplitude, typical of numerically unstable
behavior, whereas the V-hinge yields a numerically stable solution.

Fig 5.10 to 5.12 show the distance between the actual position of the base of the
spinning top, and the position it is constrained to be. Surprisingly, the V-hinge results
maintains this distance to a zero value, as it should, whereas the D-hinge results oscillate
about the zero value and eventually become unstable. Fig 5.14 through 17 show similar
results for the case 2 and 3 motion types.
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Table 5.2 Relative Displacement errors of The Top Case 1.

2-noded Element

Relative Errors (%) X Y Z
Ref [1] 0.976 1.345 0.0539
(A) 88.90 6.636 2.844
V-Hinge (B) 129.3 -7.130 2.692
© 130.0 -9.196 2.672

3-noded Element

Relative Errors (%) X Y Z

Ref [1] 0.308 0.176 0.0068
(A) 44.96 1015 2.947

D-Hinge (B) 1091 4.687 1.611
(©) 6.133 5235 1.345
(A) 38.06 14.98 0.056

V-Hinge (B) 4.422 -1.221 0.040
(€) 0.350 -0.103 -0.0048

4-noded element

Relative Errors (%) X Y Z

Ref [1] 0.068 0.095 0.0022

(A) -27.36 21.75 -12.46

D-Hinge (B) -77.03 35.66 -15.45

© -76.51 3422 -14.94

(A) 38.05 14.96 1.0025

V-Hinge (B) 4.124 -1.129 0.045
© 0.048 -0.017 0.0005
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Section 5.9.2 Pendulum Problem

The characteristics of the rigid link constraint will be assessed by studying the single
and double pendulum problems. Rigid link imposes the constraint of a fixed distance
between two points. For instance the pendulum problem can be seen as the motion of
a point mass in a two dimensional space subjected to the constraint of a given distance
between the origin and the mass point. In the D-link the constraint condition is that of
this fixed distance whereas in the V-link the constraint condition is the orthogonality of
the position and velocity vector for the mass point.

The analytical solution for the single and double pendulum are readily obtained and
integrated. Three problems were analyzed with the following characteristics.

Problem I : pug= 1.0 N, V;, = 1.0 m/sec, L = 0.2m

Problem II : ug = 10.0 N, V; = 1.0 m/sec, L = 0.2m

Problem III: p19 = pog=1.0 N, V;; = 1.0 m/sec,V;s = 0.0 m/sec,

L1=0.2 m,L+=0.1 m.

where pg is the gravity forces, V; the initial velocity, and L the length of the
pendulum.

Table 5.3 Choices of fictitious stiffness

Fictitious stiffness for Fictitious stiffness for

Velocity Link(a,) Displacement Link(ay)
Case (A) 10° 1010
Case (B) 107 1012
Case (C) 1010 1014

Table 5.4 Relative Displacement errors

Problem I
Relative Errors (%) X Y
(A) 58.79 22.46
D-Link (B) 19.06 38.67
© 18.53 37.15
(A) 2.61 4.60
V-Link B) 0.40 0.51
(®) 043 -0.56




Problem 11

Problem I

Relative Errors (%) X Y
(A) ¥ A%k Ak xk
D-Link (B) 22.62 15.13
© 21.95 14.62
(A) 227 495
V-Link (B) 0.28 0.09
© 0.30 0.15
Relative Errors (%) X Y
(A) Xk ok *oaok
D-Link (B) 25.48 5.50
© 23.18 5.08
(A) 23.84 0.95
V-Link (B) 1.27 0.28
© 1.53 0.30
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Table 5.3 shows the three different cases of fictitious stiffnesses. From a number of
trial and error reasonable ranges of fictitious stiffnesses are obtained. For D-link solutions
for the single pendulum are going to be unstable in the case of oy < 10°. In the range of
10! — 10 the solutions of D-link are converging for the single pendulum even though
not converging for the double pendulum. But all the solutions are not accurate. On the
other hand V-link does not seem to be sensitive to the values of fictitious stiffness a, if
ay is large enough. The fictitious stiffness a, is investigated in the range of 10% — 1019,

Table 5.4 shows the accuracies of the displacements for 2 different links. Again
V-link has much more accurate solutions than D-link. In all 3 cases V-link has solutions
with a reasonable accuracy. For problem I and II which is for the single pendulum
D-link of case (C) yields the convergent solutions though not accurate. But for problem
IIT which is for the double pendulum D-link cannot obtain the convergent solution while
V-link (B) and (C) has a quite accurate solution.

Fig 5.18 — 5.20 show the results of problem I. Fig 5.17 shows the displacements
of the pendulum along the time history with D-link. From fig 5.18 the solutions are
quite sensitive to the values of a4. All three cases the solutions are oscillating. The best
result is from case(C) the accuracy of which is at most 18%. Fig 5.19 shows the results
with V-link. All three results are quite accurate and the best results are from case(B)
the accuracy of which is as good as 0.5%. Those best results from D-link and V-link
are investigated from now on. Fig 5.20 is the best result of problem I from D-link and
V-link. Even though it looks identical the difference of the accuracies between the two
links is large as seen from the table 5.4. Fig 5.21 shows the results of problem II. After
200 time steps the pendulum oscillates for 5 periods. Fig 5.22 and 5.23 show the results
of problem III which is for double pendulum. From fig 5.22 displacements of D-link are
diverging after 165 time steps in all three cases. With this A¢=0.01 secs no convergent
solution was obtained. Fig 5.23 shows the results with V-link which are quite accurate
even after 400 time steps. In this double pendulum problem a, = 10" is not large enough
to obtain the accurate solutions. But once a, > 107 the accuracies are within 1.5 %.

Fig 5.24 shows how well the link preserves the distance from the mass point from the
origin. Again the length of V-link remains the same as accurate as 10~5 error while the
length of D-link is oscillating in the range of 5 % for problem I and 3 % for problem II.
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Chapter 6
Full Finite Element Modeling

Section 6.1: Introduction

The previous chapters have described the formulation of multibody dynamic problems
with a finite element based modal analysis procedure to model each elastic body. This
kind of formulation is very cumbersome, as demonstrated by the lengthy derivations and
expressions of the last chapters. Furthermore, there is a tremendous overhead associated
with modal methods consisting of the management and manipulation of all the coefficients
of the modal expansion. This results in an increased computational cost which burdens
modal analysis.

An alternate formulation is to deal directly with a full finite element model, such as
that used in chapter 4 for determining the reference solution. In this case, there is no
need to distinguish between rigid body motion and elastic motion: the actual motion of
each node is tracked by the finite procedure. Large rigid body motion results in finite
rotations, however, finite rotations were already required to properly model the large
elastic rotations. In this effort the Milenkovic parameters were used to model the finite
rotations (see appendix A). This representation of the finite rotations is preferable to the
Euler parameters as it involves three parameters only as opposed to four. This results
in improved computational efficiency.

An additonal advantage of the full finite element formulation is that constraint
equations (“hinges”) between two elastic bodies are much easier to formulate. In deed
the constraint only involves the degrees of freedom of two nodes, on of each body. This
contrasts with the formulation of constraint equations between elastic bodies modeled
with a modal representation which involves all the elastic and rigid degrees of freedom
of both bodies. Section 2 describes the formulation of a typical hinge in the full finite
element model.

Section 6.2: Hinge Element

Consider a hinge with two components which undergoes a rclative rotation. The two
components of the hinge are defined by the triads €2 and €2, respectively, which are
coincident before deformation, i.e. €4 = é’B After deformatJon the triad €4 has become
x4 (rotation tensor R(a)), and the triad eB has become &8 (rotation tensor R(b)). The
rclanvc rotation ¢, between the two components is shown on Figure 6.1. The finite
rotation tensor R(t) defines the initial orientation of the hinge:

et = €5 = Rij(1)in; = enj (6.2.1)
and after deformation, we have:

end = Rij(a) = enj ; €58 = Ryj(8) = eq; (6.2.2)
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Fig 6.1 Relative Rotation at a Hinge

Since the hinge only allows a relative rotation about ¢4 = €2, the rotation tensor
R(a) and R(b) are related by the following constraints:

C, = é'{B.":A 0

Cy = -:B a4 = (6.2.3)

If the value of the relative rotation is desired, it can be obtained from the following

constraints: ]
Cs = 4 tan™! Z(F’- é"‘A) —4=0 (6.2.4)

where 7 is the relative rotation vector, and R(r) the corresponding finite rotation tensor.
From (6.2.2), it is clear that

er? = Rij(b)Ry;(b)erf = Ry(r)etd (6.2.5)
or
Rij(r) = Rix(b)Rji(a) (6.2.6)
This tensor relationship can be expressed in the %4 triad, as:
R(r) = R(bH1) RT (al*l) (6.2.7)
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The right hand side can be transformed to the i, triad to yield
R(rl*l) = RT(t)RT(a)R(b)R(t) (6.2.8)

where a,b,t, are the components of the rotation vector in its base triad i,. Using the
formula for composition of rotation, (Appendix A), the Milenkovic parameter r of the
relative rotations are found as

r= %RT(t) (aob - boa + Zg) ; D =agby +a¥b+ (4 — ag)(4 — by) (6.2.9)
The constraints are now evaluated to yield:
C1 = ] R (b)R(a)e3 = 0

C2 = ¢ RT(b)R(a)e3 = 0 (6.2.10)
1 .
C3 =4tan 1 E(aobT - bogT + _TbT)Q:; ~-¢=0

It is preferable to enforce the two first constraints in a differential form, whereas the last
constraint can be enforced as is since it is only used to define ¢.

: 2GT - .7 2GT -
.T A 2
Ci=¢ 4_a063§1—é 4 — by 38 =0
« .7 26T - .7 2GT -,
Co = gT4 - ejes — b yy= boe3g2 =0 (6.2.11)

C3 = 4tan™} %(aobT — boa” + QTZT)Es —¢=0

where ¢f = R(b)e, , ¢ = R(bes , €} = R(a)es
These constraints could be enforced using a penalty technique:

ty
L= / [% (alc'% + a2l + aaé,%) + %k¢2] dt (6.2.12)
t

where a1, o, and a3 are the penalty coefficients, and k is the stiffness of a torsional spring
that can be present in the hinge. It is preferable, however, to use a mixed formulation
to enforce the constraint (6.2.12) then transforms to

2 2 2 2
%(Fl JE F3> - 1T_] dt  (62.13)

a9 ag 2 k

t
L= / [F101 + F3Cy + F3C3 + T —
il

where Fi, Fy, and F3 are the Lagrange multipliers associated with the three constraints,
and T the torque in the spring.
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Chapter 7

Conclusions and recommendations

Two approaches have been developed to analyze the dynamic behavior of multibody
systems. In the first approach, each elastic body is represented in a local, noninertial
frame of reference with unknown rigid body motions with respect to an inertial frame,
and a finite element based modal analysis methodology is used to model the elastic
behavior of the body. Constraint equations are used to model the interaction among
the various elastic bodies. In the second approach, all elastic bodies are represented
directly in a single inertial frame, and a full finite element methodology ( without a
modal reduction) is applied. Constraint equations are used again to model the interaction
among the elastic bodies.

The following conclusions can be drawn from the study of the finite element based
modal analysis methodology:

1. The accuracy of modal methods strongly depends on the choice of the modal basis.
2. Nonlinear kinematic couplings are poorly represented by natural vibration mode
shapes. This is easily understood since both phenomena are of a different physical nature:
one is a purely nonlinear kinematic phenomenon, the other a purely linear vibratory
phenomenon. Even a large number of orthogonal vibration modes do not “synthesize”
properly the nonlinear kinematic behavior.

3. Adding perturbation modes to the classical natural mode shapes considerably im-
proves the accuracy of modal methods. Perturbation modes contain information about the
nonlinear behavior of structures extracted from higher order derivation of the Lagrangian.
4. The nonlinearities associated with rotational dynamic effects are sometimes poorly
respected by both natural vibration mode shapes and perturbation modes, resulting in a
poor correlation for the angle of attack.

5. When accurate predictions of rotor behavior is sought, modal analysis should be
avoided, and full finite element methods should be preferred.

6. A tremendous amount of overhead is associated with nonlinear modal methods. This
involves the storage and manipulation of the many coefficients appearing in the elastic
modes. The number of coefficients grows as N™ where N is the number of modes, and
n the highest power of the nonlinearities.

7. When rigid body motions are added to the elastic behavior this overhead increases
roughly tenfolds. This tremendous overhead is responsible for the very rapid increase
in computational effort required to deal with modal methods as the number of modes
increases.

8. The computational effort involved in the integration of the full finite element calcu-
lations presented in this work does not seem to be prohibitive when compared to that of
the modal analysis. This observation should not be generalized. It is clear that as the
number of degrees of freedom in the finite element model increases the cost of solution
increases as well and will eventually become more expensive than that of the modal
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solution. It seems however, that for typical rotorcraft problems the full finite element
method is directly competitive with modal solutions.

Two approaches were developed for dealing with the kinematic constraints. In the
first approach the kinematic constraints are enforced as is, whereas in the second approach
the time derivative of the constraints are enforced. In both cases a Lagrange multiplier
technique is used to enforce the constraints within the framework of a mixed formulation.

The following conclusions can be drawn from the study of the constraint equations
enforcement:

1. Enforcing the time derivative of the kinematic constraints yields numerical schemes
which are far more accurate than those obtained from enforcing the kinematic constraint
itself.

2. 'When kinematic constraints are enforced, the problem becomes very “stiff”” due to
the presence of the larger fictitious stiffness associated with the constraint. Integration
schemes applied to these very stiff problems can easily become unstable, and this behavior
was observed in the various examples treated here. When the time derivative of the
constraint was enforced, this numerically unstable behavior disappeared.

3. Enforcing the time derivative of the kinematic constraints is only slightly more
complex than enforcing the kinematic constraint itself.

The two methods developed in this study for the analysis of multibody dynamic
systems differ only by their modeling approach for a single elastic body. The first
approach relies on a modal approximation, the other on a full finite element model.
The use of a modal approach requires modeling each elastic body in a local coordinate
system. A large overhead is associated with nonlinear modal analysis, which puts this
approach 1o a disadvantage when high order nonlinearities are present, and specially in
the context of multibody analysis. Furthermore the accuracy of modal methods tend to
deteriorate when nonlinearities are prominent. This discussion leads to the following
recommendations for future work:

1. For dynamic systems where nonlinear effects are not too pronounced, the finite
element based modal analysis option can be pursued, and the following features of the
modeling approach could be improved. The order of the nonlinearities could be reduced
by ignoring higher order terms in the expression of the Lagrangian expression. For
instance, keeping only quadratic terms would result in a linearized modeling of the system,
keeping terms up to the third order would correspond to a “moderate rotation” type
approximation. Such simplification would considerably decrease the overhead associated
with the modal approach and make it much more computationally efficient at the expense
of limiting its range of validity.

2. Constraint equations are key to efficient multibody dynamic analysis. Enforcing the
time derivative of theses constraints appears to improve numerical stability and accuracy.
Further insight could be gained by computing the internal forces associated with the
constraints. For instance, in the case of a rigid link, the load in the link is often
a quantity of primary interest which can be obtained from the time derivative of the
Lagrange multiplier used to enforce the constraint.

7 —2



3. The full finite element approach should be used in complex multibody dynamic
presenting strong nonlinearities. The resulting equations are rather *“stiff”’, even when
the kinematic constraints are enforced in a time derivative fashion. To avoid numerical
instabilities in the integration process, it is desirable, and probably necessary to use an
integration scheme that provides high frequency numerical damping. Finite element in
time procedures based on the time discontinuous Galerkin method might be well suited
for this type of problems.

4. The determination of the physical stability boundaries of a multibody system is an
important problem. With a modal analysis involving a small number of degrees of
freedom classical techniques such as the characteristic exponent method or the Floquet
theory approach can be readily used. However, with the full finite element approach such
method breaks down because of the presence of a large number of degrees of freedom.
Innovative methods should be developed to deal with this situation.






Appendix A: Parametrization of Finite Rotations.

Section A.1: The Geometric Representation of Finite Rotation

Consider a finite rotation of magnitude ¢ about an axis @ (unit vector) and an arbitrary vector a.

Let the rotation ¢, bring this vector to b. From Figure A.1 it is clear that:
b=0C+CB=|b| cosai+]|b]sina [§'cos ¢ + t'sin 4]

where the unit vectors 5 and { are defined as:

fo _Exa F=ixg=UXDXT
| ©xal | & xal
.

Figure A.1 Change of Basis Viewed as a Single Rotation

The fundamental property of rotation is to preserve length, hence:
(@-3)=||@| cosa=||b|cosa; |@xal=|al|sina=|b|sina
Equation (Al.1) now becomes:
b= (@-&)7+ (@ x &) X @cos¢+ (i x &)sin ¢
For a unit vector u, the following relation can be shown to hold:

(@-@)d =ad+1@ x (@ x &)
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(Al.2)

(Al13)

(Al.4)
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so that (Al1.4) becomes:

b=a+sing(@ x & + (1 — cos ¢)@ x (& X &). (AL.6)

Section A.2: The Rotation Tensor

We wish to transform the above geometric notation into a tensor, index notation. For practical
implementations it is necessary to work with tensor components in a particular system. The following
notations will be used:

Geometric notation Tensor notation Tensor component notation
) ug u
U-v Uiv; uly
UXU=—-UX4U Sij(u)vj = =5;i(v)u; Uy = —vu

Si; 1s a skew symmetric tensor which components are:

0 —u3 U
Sij(u) = | us 0 -u (A2.1)
—ug U 0

This tensor has the following properties that are readily verified:
Sij(u) = —Sji(u), (A2.2)
and Si(u)Sg;(u) is a symmetric tensor. When u; is a unit vector, then

Sik(u)Skz(u)Su(u) = —5i;(u) (A2.3)

In tensor notation (A1.6) becomes:

b = Rija; (A2.4)
where the rotation tensor R;; is given as:
Rij(u) = & + sin ¢Si;(u) + (1 — cos ¢)Six(u) Sk, (u) | (A2.5)
and
Rij(v) = Rji(—u) (A2.52)



An interesting expression can be found by expanding the trigonometric function in series and using

(A2.3):
Rij(r) = bij + Sij(r) + %Sik(r)skj(r) + él‘!sik(r)skl(r)slj(r) + - hot

or
Ri;(r) = ezp[Si;(r)]
where the rotation vector r; is defined as r; = ¢u;.
The following fundamental property of the rotation tensor can be readily verified:

RixRji = RiiRi; = bij
which implies:
det(Rij) =1
The eigenvalues A and corresponding eigenvector e; of thé rotation tensor are:

A=1; € = Uj
A = cos¢ + v—1sin ¢; e; = a; £ vV—1b;

where a; is an arbitrary vector nomal to u;, i.e.

a;ui =0 and b; = Sij(a)u;

Section A.3: The Angular Velocity Vector
A time derivative of (A2.7) yields:
RyRjr = — (RikRjk)T,
which implies that this tensor is skew symmetric, hence we can write:
Sij(w) = RuRjs,
where w; is the angular velocity vector. With the helps of (A2.5) we find:
Sij(w) = $Sij(u) + sin ¢Si;(4) + (1 — cos @) [Six(1) Sk (u) — S;x(4)Sik(w))],
where the following identity was used:
Sik(u)Ski()S1;(u) = 0.
An alternate writing is:

w; = (}au,' + sin ¢u; + (1 — cos ¢)S;;(u)u;.
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(A2.6b)

(A2.7)

(A2.8)

(A2.9)

(A2.9a)

(A3.1)

(A3.2)

(A3.3)

(A3.4)

(A3.5)



Section A.4: The Virtual Rotation Vector.
The virtual rotation vector can be defined by analogy to the angular velocity vector as:
Sii(6v) = SRRk, (A4.1)

where 61; are the components of the virtual rotation vector. Note that there.is no vector +; such that
(%) is the virtual rotation. Taking a variation of A3.2 and a time derivative of A4.1 yields:

Sij(6w) = 6Rix Rk + Rit6R;x

Sij (&b) = 6RixR;i + 6Rit Rz, (A42)
which, after subtraction becomes:
Sis(6w) = Sij (89) + R Ryx — 5R,kfe,tk. o (A4.3)
In view of the orthogonality of the rotation tensor A2.7, this becomes:
Sij(60) = Si; (8% ) + Sa(64)Sy;(w) — Sa(w)Sij(88). (A2.4)
The following identity:
Sit(a)Si;(b) — Su(b)Sij(a) = Sij(Sk(a)b) (A45)
then yields:
Sij(6w) = Si; (51/3) + Si;(Sri(6¢)wy) (A4.6)
and finally:
Sw;i = 64 — Si(w)x. (A4.7)

This important relationship relates the variation of the angular velocity vector to the virtual rotation
vector and its derivatives.

Section A.5: Change of Basis

Consider a basis b' defined by the unit vectors 5},5) and &} and an arbitrary vector @ Let R(u!

be a rotation vector applies to each one of these vector to yield basis 52 defined by 5&2), 5(22), 5:22) and
the vector a2, (A2.4) yields:

af = Rij(u')a} (A5.1)
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This tensor relationship can be expressed in component form as:

g2[1] = R(ulm) gllll (A5.2)

where the notation ()[1] is used to express the components of a tensor in the basis b!.

Figure A.2 Change of Basis

It is clear that the components of ! in basis b are identical to the components of @2 in the base
B2, ie.:

ol = g% (A5.3)
hence (A4.2) becomes:
22U = R(ultll)g‘ml (A5.4)

Since the starting vector @ is arbitrary this relationship holds for any vector, and more generally
we can write the transformation law of the components of a vector ¢ as:

21 = R(ullll)ylﬂ or v =gT (ullll)z_,[ll (A5.5)
It 1s also clear that the rotation vector has the same components in the two basis, hence:
R(ulll) = r(u12) (AS.6)

Consider now a second order tensor such as T;; = a;b;, where q; and b; are two arbitrary vectors.
In component form we have:

Tl = GMIBIT, Tl = gPpMAT (A5.7)



With the helps of (A4.5) the transformation law for second order tensor component is found as:

Tl = RT (ullll) TlllR(ulﬂl) (A5.8)

Finally, consider a set of basis 5!,5% - - -, b™ obtained by successive rotation R(u), R(u?) - -, R(u")
and let R(r) be the rotation from base b! to base b®. Repetitive application of (A4.1) yields:

Rij(r) = Ryg(u" ) Ret ("% - -+ Ry (u?) Rmj (u?) (A5.9)
In component form, the following expressions hold:

R(rm) = R(r["]) = R(u"—l["])R(u"-z["]) e R(uzln])R(uI["]), (A5.10)

R(rm) = R(r["]) = R(u”'l[ll)R(u"_2[1]) x -R(uz[l])R(um]), (A5.11)

R(rlll) _ R(r[“]) = R(ullll)R(u2!2l) ...R(u"-?I"—ZI)R(u"-ll"-”), (A5.12)

where the last expression can be obtained from the first or second through repetitive use of the second
order tensor component transformation law (A4.8). These various relationships can also be viewed as
composition of rotations: the rotations u!, u?, ..,u""?, u™! are applied successively to yield a

single composed rotation r.

Section A.6: Euler Parameters

The rotation tensor (A2.5) is expressed in terms of the rotation vector # and the magnitude of the
rotation ¢. An alternate representation is in terms of the Euler Parameters defined as follows:

go = cos g; gi = u;sin g; 1=1,2,3 (A6.1)
to yield the rotation tensor (A2.5) as:
Rij(q) = bij + 2905ij(q) + 25i(q)Sk;(9) (A6.2)

or 2, 2 2 2
@wtar—a—a  2(q192 — q093) 2(q193 + 9092)

Rg)=| 2Aqe+90n) G-¢+d-¢ 2qpn-qqn) (A6.3)
2(q193 — q092)  2(q2a3+90q1) @B -qt - +4f

All trigonometric functions have now disappeared from the rotation tensor. It is important to note
the redundancy in the representation since four parameters are used when in fact only three parameters
are required. This redundancy is clear when considering the definition A6.1 which yields the normality
condition:

2, 2, 2, 2 _
ota+a+ta=1 (A6.4)



The angular velocity tensor (A3.3) becomes:

Sij(w) = 2¢05i;(4) — 240 Si;(q) + 2[Sik(9)Sjk(q) — S;jk(d)Sik(u)] (A6.5)
and the corresponding angular velocity vector is:
wi = 2904 — 24ogi + 25i;(q)4; (A6.6)
or » . . »
—q190 + 9091 — ¢392 + 9243
w(g) = 2| —g2d0 + ¢3d1 + god2 — 143 | = 2H(q)¢ (A6.7)
—g3do — q2d1 + q1G2 + 903
where
—q1 q0 —493 q2
Hg=|-¢ @ e -q (A6.8)
-3 —q2 q q0
The components of the angular velocity vector in the rotating system are found by using (A5.5):
w*(q) = R (g)w(q) = 2G(g)¢ (A6.9)
where
—q1 g0 g3 —q
Glg)=|-¢ -5 @ aq | (A6.10)
—43 92 —491 49

These matrices present the following remarkable properties:

H(¢)H"(q) = G(9)GT(g) = 1, (A6.11)

R(q) = H(9)G™(g); G(q)=RT(9)H(q); H(q) = R(q)G(q); (A6.12)
H'(¢)H(q) = GT(g9)G(g) = L1 — q¢"; H(g)g = G(q)g =0 (A6.13)
R(¢) = 2H(q)G™(¢) = 2H(¢)G"(g) (A6.14)

@ = R(§)R™(¢) = 2H(§)H (¢); &* = RT(g)R(g) = 2G(q)GT(¢); (A6.15)

Section A.7: Composition of Rotations with the Euler Parameters

Since all trigonometric functions have been eliminated from the rotation tensor and angular velocity
vector when expressed in terms of Euler Parameters, all finite rotation operations can be expressed in
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component form using a purely algebraic formalism. This task is eased when the following matrices
are defined:

g0 —q1 —q2 —q3]
a1 0 -9 ¢

Alq) = A7.1

(q) q2 q3 q0 —q1 ( )

g3 —q2 q1 qo

‘g0 —q1 —q2 —g3)
q1 q0 q3 —q2

B = A7.2

(g) @2 - 9 q (A7.2)

s 9@ -a 9 |

g q q2 q3

Cla)= |9 ~9 & ~% A73
(q) © -6 -0 q (A7.3)
L 43 q2 —q1 —490]

D(q) = { (1) R(()q)] (A7.4)

Let _q_T = (g0, 491,92, 93) and rT = (rg,r1,r2,73) be the Euler Parameters of two rotations in specific
axes. The following formulae are readily verified:

G(q)r =-G(r)g; H(q)r = —H(r)g;

A75
A@BT(r) = B(1)A(g) 2
AlQr=B(r)g; AT(r=CT(r)g; BT(q)r=C(r)g (A7.6)
D(q) = A(9)B™(g) = B"(g)Alg) = C(a)C(g)- (A1.7)
Furthermore, the normality condition results in the orthogonality of these matrices

AT(g)A(q) = A(9)A”(9) = Iy B(9)B(9) = B(9)B™(q) = I1;
T T T T (A78)

C*(9)C(q) =C(9)C"(9) = Iy D" (9)D(q) = D(¢)D"(q) = L.

From the definition of the angular velocity vector we find:
—oBT (s — N AT ). —onT .

w=2B"(q)¢; A(w)=24(¢9)A"(q); B(w)=2B"(g)B(9) (A7.9)

w' =24T(q)¢; A(w') =24T(¢)A(¢); B(w")=2B(4)BT(q)

With the help of the above relationships, the composition of rotation formula A5.12 can be shown

to imply:
A(rm) — A (qllll) A(qzm) A(qn-lxn—u) 710

B(,.m) - B(qn-un—u) . B(qzm) B(qlm)
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or

2[1] - A(qm])A(qz[z]) __'A(qn—2[n-2])g_n—1[n—l]
AU = B(qn—un-u) B(qn—2[n—2]) B(qzm) g

An alternative representation of composition of rotation such as A5.11 implies:

A( [11) = A( n—l[l]) ( n—2m) A(qzul) A(qlm) w1
B(1) = 5(s") (). 5o )3 (o)

TS 1[1]) ( m)... A( 2[11) 1] wri

A(
B(qm]) (2[1]) B( n— 2[1]) n-1[1]

Section A.8: Rodrigues’ Parameters

(A7.11)

or

Rodrigues’ Parameters can be defined in relation to the Euler Parameters as:

ri =23 (A8.1)
q0
so that their geometric interpretation is:
oy ta
Ty = 2u; tg§. (A8.2)

It is clear that this representation presents an obvious singularity r; — co when ¢ — +7. Relationship
A8.1 can be inverted to yield:

1 : T
_ Coq= (A8.3)
1 +r2/0)72 T 91 4 r2/4)1/?
where: i
w2 =12 4 rd 413 (A8.4)
The rotation tensor follows from A6.3and AS8.3:
2 2 2
1+3-%-4  Hon  mpan
- o 1-F-F+y
The components of the angular velocity vector are obtained from A6.7 and A8.3:
w=Gr (A8.6)
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where

G=—1 [;1 _1;5 7{;} (A8.7)
T 1+r2/4 woon ‘

Section A.9: Milenkovic Parameters

The Milenkovic Parameters can be defined in relation to the Euler Parameters as:

4q; .
= 1=10,1,2,3, A9.1
YT Tra (A9.0)
so that their geometric interpretation is:
T
a; = 4u;tan 7 (A9.2)

Note that these parameters present no singularity within the range —7 < ¢ < 7. Relationship A9.1
can be inverted to yield:

a;
4 — aq

g = 1=0,1,2,3. (A9.3)

The parameter a( can expressed in terms of the other three as:

ap = (16 — a?)/8 (A9.4)
where

a®=a?+a?+al (A9.5)

This representation involves 3 parameters only aj, as, and a3, however ag is used in the various
formulae to simplify the notation.

The rotation tensor follows from A6.3:

1 ag + a% — ag - a% 2(ajag — apa3y) 2(a1a3 + apaz)
R(a) = ———| 2(aja2 + apa3) a?, — a% + a% - a% 2(a2a3 — apay) (A9.6)
(4 - a0) 2(aja3 — apag) 2(a2a3 + apa1) a3 — a? — a? + a?

The components of the angular velocity vector are obtained from A6.7 and A9.3:

2
w= a (A9.7)
4 —aqap
where a?
aw+§ oy G
2
G= U2 taz ap+F  BE_g . (A9.8)
4 — qq 4 4 4 o
oa ffta e+
This matrix has the following remarkable properties:
GG=R;, GGT=GTG=I, Ga=GTa=a4a (A9.9)
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The components of the angular velocity vector in the rotating system are then:
2
T (A9.10)

* G g

g:

4 —ap

The matrix G is orthogonal, hence the following properties can be obtained:

VAT _ )
GG =%  y=g— Ha
. B . 1 s (A9.11)
G G=7% 1=qT a4
where e a
1 -3 %
H=| % 1 -2 (A9.12)
-4 7 1
This matrix has the following properties:
(A9.13)

GHT = H;

Other matrix functions of the Milenkovic Parameters also play an important role. The following

matrices are defined for an arbitrary vector b:

D(Q)zﬁg[HTgT—%g-éT};
=1 _E+1@5_a7) _ 1 l%—E—lﬂﬁﬂf (A9.14a)
4—'00 4 - 4_00 4 — 4 ;
. 1 1
D(b)=4—a0 [Hb—ZQ—T],
__1 E+l(az">—a T) 1 15b+5——(aTb)[ (A9.14b)
4_0'0 4 - 4_a0 4 = a .0
and
E(b) = — [HZT_gg.g];
(A9.152)

4 —ag
1 z lrs T 1 : 1l o7 T T
Sy - )| = -5 2 (at" +ba” - (T b)
4_00[ b 4(ab+g_)} 4_00[ b— 7 (at" +2a" - (T 1)1
The off-diagonal terms of the D matrices are skew symmetric as can be seen from expanding their

definition:
dy —d3 do Z“ ) ‘? ‘3 }? b
— _ . 1| _ - - .
D(é) - d3 dO dl ) d2 - 4 —ag %1 _ 1 _ a‘,{L b2 ] (A9' 16a)
- d2 dl dO d‘; _%2 %l _ 1 b3
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d: _a | _a
I I 0 U R Sl
D)= | d5 dy ~—di | = . N (A9.16b)
~dy di dy | (% tmel %1 %)y
d3 -7 1 1 ‘
In contrast the off diagonal terms of the E matrices are not skew-symmetric
These matrices enjoy remarkable properties:
GD()GT = D(Gb); GTD()G = D(GTb),
(A9.17a)
RD()R" = D(R); RTD(b)R = D(RTb);
GE®b)GT = E(Gb); GTE®b)G = E(GTb),
(A9.17b)
RE()RT = E(Rb); RTE(b)R = E(R b),
GD*(b)GT = D*(Gb); GTD*(b)G = D* (G b),
(A9.17c)
RD*(b)RT = D*(Rb); RTD*(b)R = D* (R b),
Furthermore, they are related as follows:
D(b)e = ET(c)l; D*(b)c = E(c)b;
GD(b) = E(b); D(})G = E(GTb);
()=E(®); D®G = E(GT) A%

GTD'(y) = ET());  D*(B)GT = ET(Gb)
E(b)c = D" (c)b

where both b and ¢ are arbitrary vectors.
These matrices appear when taking derivative of expressions containing Milenkovic Parameters.
For instance, one can readily verify that:

G G GTp
T _ T _ T 14 .
525 ) =0 pw () = a5 (2L
T T
é’“«s( ¢ )=6gTD*(é)( ¢ )=6QTET(—G—9);
4—agp 4—aq 4 —agp
C G . ' b (A9.19)
6(4—a0)_= (4—a0)D (l_))5g=E(4_a0)5g;

GT GT \ 1 r{ GTb
(70 o= (7o )P wia= 57 (E )ie,

Finally, derivatives of these matrices become:

§(D(b)c) = X(b,c)ba + ET(c)6b + D(b)bc (A9.20)

A — 12



where

X9 =~y [be+ () 1+ (D®o)aT]. (49.21)
§(EB)c) = Y (5, 0)ba + D" (c)6b + E(b)6e (49.22)

where L1 o7
Y(ho) =1 |l + ()T + (EWILT|. (4923)

Composition of rotation is easily obtained from the cormresponding relationships for the Euler
Parameters. Let f; and g¢; be the Milenkovic Parameters of two successive rotations, and a; the
parameters of the resulting rotation, then A7.4 yields:

a ___ Al (A9.24)

4—ap (4- fo)4 - go0)

Computing aq from the first equation we obtain:

4A(f)g
(4 - fo)(4 — g0) — fogo — figi
Other useful relationships can be readily obtained from the corresponding relationships on the Euler
Parameters.
Within the range of —7 < ¢ < = the Milenkovic Parameters present no singularities since

(A9.25)

g:

—4<a; <44 and 0<ay <2, (A9.26)

furthermore the orthogonality of the matrix G always yields a well defined angular velocity. However
restricting the range of ¢ would limit the range of admissible rotations. Hence, then definition of the
Milenkovic Parameters is generalized to allow any magnitude of rotation:

a; =4u; tg (% + k g) k even

4 . (A9.27)
4u; tg (Z+(k— 1)5) k odd
where —m < ¢ < 7, and due to the following trigonometric identities:
tg (% + k g) =g <%), k even;
(A9.28)

tg(§+(k—l)%) Etg(%), k odd,;

it is clear that the bounds A9.16 remain valid. If, at an instant during the motion of the structure, the
rotation reaches, let say, the upper bound, i.e.:

p=n+e €20 (A9.29)
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or, in terms of the parameters:
a® > 16 (A9.30)

one passes from the current state to a complementary one (i.e. from an even state to an odd one) to
remain within bounds:

p—od=¢-2m k—ok=k+1 (A9.31)

The corrected value of the parameters is:

¢ ; o ¢ ™
L' — A — 4y
a'~_4u,tg(4+(k 1)2 = 4u, tg ) 2+k2

4 s \ (A9.32)
= 4u, tg (Z - —2—) = —4u,/ tg (Z) = —16a;/ a
a; can be shown to transform similarly so that:
a; = —16a;/a® i=0,1,2,3 (A9.33)
and finally:
d = 16/a (A9.34)

which clearly shows that the passage to a complementary state decreases the norm of the Milenkovic
Parameters.
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